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ABSTRACT 
The influence of both the bullet jacket and projectile core hardness for 12.7-mm 
armour piercing (AP) rounds has been investigated using a variety of different 
experiments with the aim of optimising projectile performance.  The research was 
designed to elucidate the role of these two elements in the penetration process, 
building on work elsewhere in the literature.  A combination of forwards and 
reverse (target impacting stationary projectile) investigations provided insight into 
both penetration efficiency and resultant target failure modes.  The results of 
these experiments, backed by a pressure-gauge based impact technique, were 
validated via numerical modelling. 
It was observed that the jacket appears to serve three inter-linked functions: pre-
damage of the target; cushioning of the AP core and confinement of the core.  
Modifying the core hardness showed that penetration efficiency was maximised 
when this hardness was greater than / overmatched that of the target (Armox 
Advance) plate.  This behaviour was more pronounced when a thicker (9 rather 
than 5-mm thick) target plate was employed, suggesting that projectile / target 
interaction time was of particular importance (a potential confinement effect).  
However, for the 9-mm target plates where overmatch did not occur, reduced 
penetration / a ‘ceramic-like’ response was observed.  In a similar manner, the 
presence of a jacket had the greatest effect for thicker plates.  However, this 
confinement effect was complemented by pressure gauge results which 
suggested that the presence of the jacket enhanced energy coupling into the 
target (and, in corollary, that the jacket prevented premature and excessive 
loading of the core).  In turn, numerical simulations provided further evidence that 
the jacket appeared to be protecting (cushioning) the core on impact.  However, 
these also highlighted the extent of pre-damage caused by the jacket. 
Keywords:  
Forward ballistic, reverse ballistic, 12.7 mm armour piercing, gas guns, copper 
jacket, Armox Advance, pressure gauge experiment, numerical simulation. 
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1 Introduction and literature review 
PT. Pindad has developed 12.7 x 99 mm armour-piercing ammunition for anti-
material sniper weapon. It has an arrow shape core to increase volume and 
diameter of the core to enhance projectile stability. However, direct contact of this 
projectile with hard target lead core to be eroded or shattered during the impact. 
To enhance the projectile’s penetration performance, it is essential that the 
projectile’s construction should be redesigned. Moreover, proper material 
analysis and selection will provide better understanding about material 
performance in impact response and penetration mechanism based on material 
characteristics.   
1.1 Small arms ammunition 
Ammunition comprises four main components; these are the cartridge case, 
projectile, propellant powder, and primer. The primer is a small component that 
contains an impact or electric-sensitive chemical powder mixture to initiate the 
explosive train. The primer generates a spark or heat or both which ignites 
propellant powder and as the propellant powder burns, it produces a high-
pressure gas very quickly which accelerates the projectile down the gun barrel to 
a high velocity. After leaving barrel, the projectile travels through the air and 
impacts the target at an energy level which – if it is to be effective – must 
overmatch the target.  Essentially, this energy level should be higher than the 
energy required to break the target. 
 
1.1.1 Projectile types 
There are several types of bullets used in both military and sporting activities; 
example of such ammunition are lead (ball), armour piercing, hollow point boat 
tail, and frangible rounds.  The construction of the ammunition is dependent upon 
its designed effect (1). 
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The ball projectiles are simply projectiles constructed of a solid material that have 
been formed into particular shape and calibre. The ball projectiles may or may 
not be jacketed or coated with gilding materials (such as copper).  This rounds is 
designed to defeat soft skins.   
 
Figure 1.1 A 9-mm 115-grain copper-jacketed projectile (1). 
 
Figure 1.1 shows a cross-sectional view of 9-mm jacketed projectile which 
comprises lead core and copper jacketed. The projectile performance may be 
affected by impact velocity, material characteristics, and the projectile shape. The 
ball ammunition is designed to be non-expansive in term of terminal ballistics.  
In contrast with the ball projectiles which is designed to penetrate soft target, 
armour-piercing rounds are designed to overcome armour of a given 
specification. Hardened steels or high strength materials such as tungsten 
carbide and even depleted uranium have been or are currently used to construct 
armor-piercing projectiles. This projectile is designed to defeat well protected 
targets by piercing through armour protection and applying sufficient energy to 
damage the target behind.  
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Hollow point ammunitions receive their name from their typical characteristic that 
is a cavity in projectile nose. This special class of projectile is designed to expand 
from its original diameter to twice or even three times larger than the initial 
diameter. When the hollow point projectile expands, it increase the size of wound 
cavities in the target, thus increasing the incapacitating or the lethal potential of 
the projectile. Moreover, because the impact surface of the hollow point projectile 
has been increased, there is a greater surface area of projectile to fully transmit 
the kinetic energy from the projectile into the target. As a result, it will reduce the 
probability of over-penetration and stop the projectile within the target. This 
projectile are usually used by law enforcement officers, security staffs and 
hunters. Figure 1.2 below shows the hollow point ammunition appearance and 
the recovered projectiles after impacting the target which has a larger diameter 
compared to its original diameter. 
 
Figure 1.2 Hollow point ammunitions and expanded projectiles (1). 
Lastly, a frangible projectile is designed to shatter or disintegrate into debris or 
dust upon impacting targets. In general, the frangible projectiles are produced 
from a mixture of copper, bismuth, tin or tungsten. These projectiles are formed 
by pressing machine inside a typical mould and held together through a bonding 
agent such as epoxy, nylon or another matrix-type bonding additive. A sintering 
process is also applied to adhere the projectile. Frangible projectiles may or may 
not be protected by gilding jacket. Frangible projectiles have been known as an 
alternative to traditional lead-based projectile for training and anti-aircraft 
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ammunitions. Frangible ammunition has been widely introduced as the “green 
ammunition” as it use powder compounds devoid of the heavy elements, 
particularly lead. 
Metallic and ceramic armours are the most common targets for small calibre 
armour piercing projectiles, as well as for medium and large calibre projectiles. 
As discussed by Carluccci and Jacobson (2), projectiles may impact metallic 
targets under a wide range of velocities. At very low velocities (<250 m/s), 
penetration is primarily affected by the dynamic behaviour of the target. While 
when the impact velocity is higher at between 500 and 2,000 m/s, they showed 
that the behaviour of the target and penetrator material are both important. With 
further increase in velocity (2,000–3,000 m/s), the high pressures provided upon 
impact were observed to allow material to behave like a fluid in the early stages 
of impact (hydrodynamic behaviour); while at impact velocities beyond 12,000 
m/s, the colliding material vaporized.  
 
1.1.2 Projectile penetration mechanism 
Further observations were conducted by the authors to investigate material (both 
target and penetrator) property and shape effects on penetration mechanisms as 
well as to interrogate the effect of impact velocity. Figure 1.1 illustrates that 
penetrator impact with a target can result in numerous different types of material 
failure behaviour in differing impact (velocity) regimes. In particular, to give a feel 
for the extent and variable nature of such failure modes key ones touched on by 
these authors are described below (2-3): 
a) Plugging arises in materials which are not very ductile and usually occurs 
when the projectile impact velocity is very close to the ballistic limit. It is 
common in materials susceptible to adiabatic shear (for example, Ti64) 
and also more common when an impactor has a blunt impact face. 
b) Piercing (ductile hole formation) usually occurs in thick plate penetration. 
The plate are defeated by a radial displacement and followed by plastic 
flow and yielding of the target. 
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c) Petaling occurs when the projectile impact velocity is close to the ballistic 
limit and the resultant radial and circumferential stresses are high.  
d) Scabbing is a failure mode with similar characteristics to that of spalling, 
but it is initiated by a crack at a material inhomogeneity point. Moreover, 
the crack continues to generate further damage within material.  
Essentially it is the limiting case of spallation – with dynamic tensile failure 
leading to material separation in the form of a scab at the rear-most 
surface of the targeted armour plate. 
e) Spalling is caused by the shock waves generated on projectile impact 
being reflected back from an un-confined face (typically the rear-most 
face) of a target plate as tensile waves. It is common for materials to have 
a much higher compressive than tensile strength – hence the tendency to 
fail in tension.  
f) Radial cracking (e.g. cracks radiating from the point of impact) is common 
for such armour materials – occurring, for example, in both ceramics and 
several steel armours.  
g) Finally, brittle fracture is sudden and catastrophic and often occurs in 
either low density materials or those without sufficient toughness.  
 
Figure 1.3 Target failure modes (2). 
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Numerous studies have been conducted to observe armour piercing projectile’s 
impact against hard targets such as ceramics and high-strength steel. However, 
only a small number of experiments have been employed to study the effect of 
the bullet jacket on an armour piercing projectile’s penetration with different 
hardness of projectile core. In a useful study in this area, Hazell et al. (4) 
examined the effect of a gilding jacket on 7.62 mm FFV armour piercing 
projectiles against Alumina and Silicon-carbide ceramics. It was observed that 
the presence of the jacket resulted in initial damage to the ceramic surface before 
core penetration. Hence, in the depth-of-penetration (DoP) tests employed, 
removing the jacket before firing the projectile was shown to result in a reduction 
in depth of penetration into the aluminium backing layer employed to assess 
ballistic efficiency. Further study was employed by Roberts (5) to examine the 
role of the 7.62 mm bullet jacket during penetration. In this study, it was clearly 
observed that the jacket played a key role in penetrating the target material. The 
bullet with jacket penetrated the target deeper than the modified (removed jacket) 
bullet. Essentially, jacket removal was shown to enhance ballistic efficiency.  
In a similar study, 7.62 mm armour piercing ammunition impact on to high 
hardness armour steel was studied by Kilic and Ekici (6). Residual velocity 
measurement was used to validate (via simulation) results. The experiment 
employed two types of projectile; full bullet and a single core model. The full bullet 
model comprised of a steel core, lead-antimony cap and copper jacket, while the 
single core model was simulated as a steel core only projectile. These numerical 
simulations (Figure 1.2) showed that the higher the bullet speed, the deeper the 
resultant projectile penetration, and that a full bullet model led to a higher DoP 
than a single core (only) model. Moreover, thicker armour steel targets resulted 
in a decrease in DoP. 
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Figure 1.4 Full bullet and single core model’s DoP for various steel target 
thicknesses: (a) 15mm, (b) 18mm, and (c) 20mm (6). 
 
Figure 1.3 shows a typical set of results from the simulations run by Kilic and Ekici 
(6).  In the first step (t=0.006 ms) the bullet’s jacket indents the target and the 
lead-antimony filler is eroded because of its low hardness. The armour steel 
target continues to be damaged due to further interaction with the intact projectile 
core as penetration continues.  It is this overmatch of the projectile core (e.g. its 
greater hardness / strength compared to the target) that allows the bullet to act 
as an ‘armour piercing’ round. 
 
 
Figure 1.5 Projectile and target steel deformation at various time steps (18). 
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Further studies were employed to examine the ballistic performance of ultra-high 
hardness armour steel and boron carbide at various thicknesses under 7.62 mm 
and 12.7 mm AP projectile attack by measuring the ballistic limit V50 and DoP (7-
8). These studies that both increasing hardness and thickness of plates reduced 
both the V50 and subsequent DoP – e.g. that they improved armour performance. 
 
1.2 Armour systems 
The middle of a war zone can be a very dangerous environment for military 
personnel. Significant threats include random explosions and high-velocity 
impact of projectiles or fragments from munitions – potentially with high explosive 
material. Because of these conditions, many countries have developed several 
armour materials which are applied to their military equipment. These materials 
have increased survivability of soldiers during military operations.  Lightweight 
aluminium alloys, hardened steels, high strength steels, composite materials / 
systems and even polymeric materials are used in military vehicles, helicopters, 
aircrafts, body-armours, and buildings / structures.  For example, by using proper 
materials – in appropriate combinations – helicopters are able to cope with small 
ammunition attack, while mobility vehicles can be protected from un-anticipated / 
random explosions coming from improvised explosive devices (IEDs), land mines 
or high explosive ammunition. Figure 1.4 shows an example of an armoured 
personnel carrier which is protected with hard armour plates (HPA). 
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Figure 1.6 An armoured personnel carrier, Anoa 6×6 Pindad, 2017 (9). 
 
Armour design often needs to capture the performance of both hard (but 
potentially brittle) disrupters and tougher absorbers.  To this end, multi-material 
(composite) solutions are often employed. It should be noted that the term 
‘composite’ is largely used in this thesis to refer to materials such as CFRP.  
However, more generally, it can refer to any system with multiple interacting 
elements.  As an example of a composite / complex solution, a complex design 
of a body armour system is shown in Figure 1.5.  This comprises of polymer and 
composite materials that have a good capability to protect the human body from 
small fragments and high-velocity projectiles of small arm ammunitions, as well 
as harder outer layers (e.g. alumina / Al2O3). 
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Figure 1.7 Cross-sectional view of a body armour system (10). 
 
1.2.1 Armour classification 
1.2.1.1 Metallic armour 
 
Metals are the most commonly used materials in armour protection systems. The 
main reason for using metals in armour design is that they have a good capability 
in carrying heavy loads while providing an effective protection as well as being 
less expensive compared to other developed armour materials.  This set of 
advantageous properties is linked to a variety of factors including secure / ready 
supply of raw materials, knowledge of processing routes, ability to tailor material 
properties (e.g. via heat treatments), ready availability of fixing / joining solutions, 
amongst others. Steel is the most commonly applied metallic material in armour 
systems. It has good material properties  as required in protection system such 
as good toughness, fatigue and hardness as well as ease of production and 
joining.  
The steels commonly employed in such applications consist of Fe-C alloys which 
can be developed to be various steels with a different properties. Heat treatment 
and cooling rates plays an important role in the steel microstructure formation 
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and the resultant mechanical properties. A different temperature during 
hardening and variation in subsequent cooling rate results in variation in steel 
properties.  E.g. cooling a steel quickly (a quench) will have a different effect than 
cooling it slowly, although this depends on the carbon content.  High hardness 
steels contain a high percentage of martensite – a strained body centred 
tetragonal structure. Martensite is the hardest constituent obtained in a given 
steel, and the hardness of this phase increases with carbon content. These steels 
are very hard but brittle, and following heat treatment (tempering) allows an 
improvement in ductility. There are several types of steels which are usually 
applied for armour protection system: low-carbon steels, high-strength low-alloy 
steels, quenched and tempered steels, high carbon steels, and high alloy steels 
(3). AS an example, Figure 1.6 shows the extent of steel armour application in 
the UK FV432 vehicle, along with details of other armour constituents. Various 
compositions and hardness’s of steel are employed in different areas according 
to the required function / vulnerability of the area in question. 
 
Figure 1.8 Application of armour steels in the UK FV432 armour vehicle with 
various hardness condition (Hv = Vickers Hardness) (10). 
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Usefully steel armour can be studied in four main groups, namely (3): 
a. Rolled homogenous armour (RHA) 
Rolled homogenous armour (RHA) has been developed and applied in most 
military vehicles. It is also used as a comparison of other armour systems, 
with a developed material’s performance typically quoted in terms of RHA 
equivalents. RHA comprises of carbon (0.18–0.32%), manganese (0.60–
1.50%), nickel (0.05-0.95%), chromium (0.00-0.90%), molybdenum (0.30-
0.60%), sulphur (0.015% max) and phosphorous (0.015% max). It is 
produced by hot-rolling of steel ingots which have a small percentage of 
alloying elements followed by both a quenching and tempering process to 
allow martensitic microstructure formation.  Table 1.1 provides further details 
of the different forms of RHA that are typically employed. 
 Table 1.1 Classification of RHA (11). 
Classification Description Hardness 
(BHN) 
UTS (MPa) Elongation 
(%) Min 
Class 1 Readily weld-able 
steel subjected to 
structural loads 
262-311 895-1,050 15 
Class 2 Readily weld-able 
steel to protect against 
AP Ammunition 
255-341 895-955 14-16 
Class 3 Readily weld-able 
higher hardness steel 
manufactured in thin 
sections 
470-540 1,450-1,850 8 
Class 3A Readily weld-able 
higher hardness steel 
manufactured in thin 
sections 
420-480 1,200-1,600 9 
Class 4 Higher carbon and 
alloy content higher 
hardness armour for 
thick section 
475-605 1,450-2,000 7 
Class 5 High alloy content 
armour with very high 
hardness used for 
special applications 
such as perforated 
armour 
560-655 1,800-2,400 6 
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b. High-hardness armour (HHA) 
High-hardness armour (HHA) is a homogenous armour which has a hardness 
value over 430 BHN. This armour is manufactured by a similar method to that 
of RHA heat treatment but with a lower tempering temperature (~200oC). 
 
c. Variable hardness steel armour 
Steel armour can be manufactured such that it possesses a dual or gradient 
hardness in a single plate. There are a number of advantages associated 
with applying a steel plate with varying strength properties as an armour 
material. In order to get a combination of a high strength front surface and a 
ductile layer behind, surface-hardening is applied to a low carbon steel. The 
ductile, tougher, backing layer is able to absorb more energy and reduce any 
crack propagation from the front layer failure. Carburising is one of the 
common face-hardening processes applied to produce such armour.  As an 
example, dual hardness armour (DHA) can be manufactured effectively by 
roll-bonding of 601-712 BHN front plate to a 461-534 BHN back plate together 
(12). The ballistic performance of DHA outperforms RHA and HHA in terms 
of small arms ammunition attack. 
 
d. Perforated armour 
In such armour systems, perforated steel plates are manufactured to improve 
ballistic performance in many various configurations. The holes or slits in 
perforated plate armour are provided to interact with incident projectiles. 
When a bullet impacts a hole side of the perforated steel plate armor, it is 
diverted or damaged by bending stresses generated during the collision and 
this thus reduces its penetration capability before impacting the main armour 
(13). One study in this area by Fras et al. (14) observed the behaviour of 
projectile penetration on thin perforated steel plates (illustrated in Figure 1.7). 
These were shown to be useful as passive additional protection for armoured 
systems against small-calibre bullets. 
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Figure 1.9 Numerical simulation (a) and (b), and experimental (c) and (d) 
results of perforated steel response after ballistic testing (14). 
 
Other metallic materials such as aluminium, magnesium and titanium alloys have 
been developed to be applied in armour system application. For example, several 
studies have investigated aluminium alloy (AA) armour performance, including 
AA-2024, AA-6061, AA-7017 and AA-7075 armour against small-calibre 
ammunition (15-17). The potential advantages of aluminium alloys as armour 
materials are their low-density, the potential for mechanical properties 
improvements (for example with precipitation-hardenable alloys) and less 
susceptibility to stress corrosion cracking. By comparison, there have been only 
a relatively small number of magnesium and titanium alloy armour studies in 
recent decades. For example, Hazell and co-authors (18) have studied a spall 
and shock behaviour of an armour-grade wrought magnesium alloy (Elektron 
675) under one-dimensional shock loading. Some titanium base armours also 
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have been assessed by ballistic test using both small and medium-calibre 
ammunitions (19-20).  However, overall / as detailed, there is a relative paucity 
of data in the literature on these materials. 
 
1.2.1.2 Ceramic armour 
Ceramics are one of the most important materials in armour system development 
in recent years. They have been a very effective and applicable material in 
protection technology, because they are very good disruptor materials compared 
to metallic and composite armours (primarily due to their very high compressive 
strengths).  As an example of a ceramic-based application, Figure 1.10 illustrates 
a lightweight ceramic composite armour solution.  This comprises of a ceramic 
front layer combined with a ductile backing layer. The ceramic’s function is to 
erode and damage an incoming bullet, whereas the backing plate delays the 
tensile fracture of the ceramic and absorbs some of kinetic energy of the 
(disrupted) projectile by deformation (10).  
 
Figure 1.10 Schematic arrangement of ceramic composite armour (10). 
Several research activities have centred on ceramic armour performance testing 
against small and medium calibre ammunitions (21-24). For example, Horsfall 
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and colleagues have tested various types of 7.62 mm armour piercing 
ammunition against ceramic faced composite (alumina-aramid) by measuring 
ballistic limit velocity (21). While Petterson et al. (22) have studied titanium-
titanium diboride composites as part of a gradient armour material, which 
comprises several materials in different hardness. More recently, development of 
ceramic base armour has been focused on highlighting the failure mechanisms 
of ceramic during ballistic attack with different projectile configurations.  In 
particular, focus has been on alumina and boron carbide tiles which are already 
widely employed as body-armour for personnel protection (23-24). 
 
1.2.1.3 Fabric and composite armours 
Fabric and composite materials possess high specific strength and stiffness as 
well as being able to absorb some of the kinetic energy of impacting projectiles 
via deformation (e.g. due to their – typically – woven structure with fibres 
propagating energy away from the point of impact). These materials also have 
relatively low densities (e.g. compared to metallic materials). Moreover, some of 
the woven fabric systems have a high tensile strength (~2-3 GPa) and reasonable 
strains to failure (~3-6%) (3).  
 
 
 
 
 
 
 
Table 1.2 shows mechanical properties of some fibres with military equipment 
applications.  
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Table 1.2 Mechanical properties of some fibres in military environment (3) 
 
Most of the fibres detailed above are used as elements of the backing layers in 
composite laminate armour. High failure strain fibres (apart from carbon fibres) 
are applied in blast or ballistic protective solutions. Whereas carbon-based fibres 
are very brittle materials so they are usually manufactured to give additional 
stiffness to armour systems, preventing them from bending during loading (3).  In 
recent studies, both failure mode and fibre backing layer performance have been 
discussed to compare some of the different fibres available and other composite 
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materials used in ceramic or high hardness steel-based armour reinforcement 
(25-28). 
 
1.2.2 Armour configurations  
Armour systems can be classified in two main groups based on how their 
protection mechanism operates. These groups are passive and reactive armour 
(3, 10, 29). 
 
1.2.2.1 Passive armours 
Passive armours have a capability to absorb kinetic energy from incoming 
projectiles or shaped charge jets during impact. Some passive armours are 
designed with different geometrical designs and high strength armour plates to 
achieve a good performance against incoming threats. Deniz (29) has listed the 
passive armour types as follows: 
a. Sloped armours  
In this armour configuration, armours are installed obliquely rather than 
in a vertical position. Such oblique armour can deflect the projectile 
(ricochet). 
 
b. Spaced armours 
Spaced armours are usually applied to defeat shaped charge jets by 
providing a distance which results in the jets particulation, thus reducing 
their penetration capability. In RPG attack, recommended space 
distance is around 300 mm. These armours are also effective against 
HESH ammunition (with the resultant scab forming in the outer layer / 
being unable to penetrate the inner layer). Moreover, these armours can 
be used to tumble and deflect projectiles.  
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c. Slat armours 
These systems protect main armour plates by catching RPG shaped 
charge ammunition and preventing initiation via shorting of the fusing 
system.  A typical configuration is shown in Figure 1.11. 
 
Figure 1.11 Slat armours installed to protect main armour plates (30). 
d. Composite / layered armours 
These armours comprise steels, ceramics, fabrics and other composite 
materials layers to give an effective protection from a multitude of 
threats. 
 
1.2.2.2 Reactive armours 
Reactive armours are manufactured by using elements that are sandwiched 
between two (typically) steel plates. The reaction of these armours to ballistic 
attacks depends on the elements characteristics. These armours can be 
classified as explosive reactive armour (ERA), bulging armour (Non-ERA) and 
electric armour (3) (while other systems such as active armours exist, such as 
Israel’s Rafael Advanced Defence Systems (31), they are not considered here). 
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ERA armour comprises a cassette typically constructed by two thin metal plates 
(of a few millimetres thickness) and an insensitive (to present initiation by small 
arms ammunition) explosive layer in between. In use the sandwiched explosive 
material is detonated by the pressure generated / temperature evolved when a9a 
shaped-charge jet or other very high KE density threats penetrates the ERA and 
the front and rear plates are then propelled away from their initial position (32). 
As the plates fly apart this alters the impact point of the jets as the front and rear 
plates move parallel along the direction of the jet’s path as shown in Figure 1.10 
(a) (33).  This process imparts significant off-axis momentum to the incident jet, 
shearing it – and thereby reducing subsequent penetration. 
Non-ERA or inert reactive armour (see Figure 1.10 (b) armours usually consist of 
two metal layers (steel, aluminium or titanium) with a compressed elastic material, 
for example rubber, sandwiched in between. Upon threat impact, the elastic 
material will expand and the armour will bulge. This is also effective against 
shaped charge jets, which are used on rocket-propelled grenades (RPGs) and 
anti-tank guided missiles (ATGMs) (33). The bulging moves more material into 
the path of penetration and has a disruptive effect, imparting lateral momentum 
and weakening the shaped charge jet. Non-ERA or bulging armours have a 
similar (but less efficient) effect to ERA but importantly (in terms of safety, 
maintenance, logistics, etc) are without an explosive layer. These armours rely 
on the use of a dense elastomer or other inert materials. It is also worth noting 
that non-ERA panels do not stop anti-tank projectiles directly but instead disrupt 
the projectile’s flight path so the main armour behind the Non-ERA layer can 
deflect or break up the residual projectiles material. 
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Figure 1.12 X-Ray result images of jet penetration on ERA and non-ERA (33). 
Lastly, electric armour studies have been done to observe the effect of an electric 
on a shaped charge jet. The system works by transferring a large electrical 
current (~102 kA) to the jet when it hits the ‘hot’ plate, as described in Figure 1.11. 
During the contact, the jet between ground and ‘hot’ plates performs as a switch 
connecting those two plates simultaneously. This mechanism generates a 
powerful electromagnetic forces which shears / disrupts the jet and lead it to 
break up into discrete toroidal rings through a process called Active armour 
magneto-hydrodynamic pinch (3, 34-36). 
 
Figure 1.13 The electric armour concept (3). 
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1.3 Material characteristics 
In order to optimise systems (including both projectiles and armour) it is important 
to fully understand materials properties and their influence on likely ballistic 
response.  For example, electronics components, industrial products, textile and 
even military equipment, all benefit from an in-depth understanding of the material 
properties of their components. Moreover, in term of material engineering, an 
elaborate analysis is needed to provide a detailed explanation about the effect of 
material characteristics on weapon, ammunition or armour function. In particular, 
the majority of metallic materials used in military equipment products have well 
defined behaviour when they are employed, something which allows failure to be 
controlled. Moreover, they can be designed (or appropriate materials selected) to 
survive harsh environments to prevent fatigue – something of particular 
importance for military systems were in-service conditions can be highly variable.    
There are numerous properties which need to be considered when product 
material selection is made, including physical, mechanical, manufacturing, 
chemical, thermal and magnetic properties. However, for the purposes of this 
project the key material properties studied to aid in analysis of the penetration 
mechanism for 12.7 mm armour-piercing projectile in terms of potential defeat of 
armour are strain, stress, Young’s modulus, density, acoustic impedance, shear 
strength, yield strength, hardness and fracture toughness.  In the following 
sections key definitions are introduced which are employed subsequently 
throughout this thesis as-required. 
 
1.3.1 Elastic behaviour  
When a force is employed on a material surface, a specific force started within 
the material is termed a stress. Stress is calculated as force (F, Newtons) divided 
by the cross-sectional area over which it is applied (A, m2).  Generally, three types 
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of stresses are usually set up within a loaded material: tensile, compressive and 
shear.  Application of a tensile stress results in an extension in material length, 
whereas compressive stress will lead to a reduction in material length. On the 
other hand, shear stress provides a twist to a material. All of those types of stress 
will cause a dimensional change of material; this change is termed a strain. Under 
a given stress, a stiff material such as steel and ceramic strains only slightly; 
whereas a less stiff material such as a polymer (e.g. polyethylene and 
polypropylene) strains more (37). 
 
Figure 1.14 (a) tensile stress, (b) compressive stress, (c) shear stress (37). 
Figure 1.12 shows stresses set up within a cylindrical section of material – each 
stress will result in a different change to material dimensions.  If a cylindrical bar 
of length l with area A is loaded by a tensile force F, its length will increase by δl. 
Where tensile stress (σ) is given by σ = F/A and tensile strain is given by ε = δl/l. 
Equivalently, a compressive force (F) will decrease the bar length by δl, thus a 
compressive stress (σ) will result in a strain which is describe by ε = - δl/l. This 
minus value shows an opposite direction of dimensional change. On the other 
hand, a shear force will develop a twist within the material described by an angle 
ϕ, so the shear stress is given by τ = F/A and a shear strain (γ) will be described 
by γ = y/x = tan ϕ (3, 37). 
Generally, all materials exhibit specific behaviour based on their properties. One 
key material engineering property is the elastic modulus (Young’s modulus). This 
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parameter allows quantification of a material’s resistance to elastic deformation 
(e.g. its stiffness). Lower values correspond to a greater propensity for 
deformation (e.g. lower stiffness materials such as polymers), whereas higher 
values are correlated with materials who exhibit a greater resistance (e.g. stiffer 
materials such as metals).  There are several constants to describe a relationship 
between strain and stress related to Hooke’s Law; E, G, K and υ (37, 38). 
 
E = 
direct stress (σ)
direct strain (ε)
 (1.1) 
G = 
shear stress (τ)
shear strain (γ)
 (1.2) 
E, modulus of elasticity or Young’s modulus, is a ratio between direct stress and 
direct strain employed to the material with dimension Pascals (Pa). Similarly, G, 
the modulus of rigidity or shear modulus, may be calculated by stress and strain 
values affected by compressive forces. Its dimensions are also Pascals (Pa) (37, 
38). 
K = 
stress (equilateral)
volume strain
 (1.3) 
K is termed the material bulk modulus of elasticity which describes the 
relationship between stress and strain when equilateral forces are applied to a 
material. It will result in a material shrinkage (37, 38). 
υ = 
lateral strain
tensile strain
 (1.4) 
The last, υ, Passion’s ratio, shows a ratio between lateral and tensile strain 
relating to other elastic constants (37, 38).  It essentially describes the effects in 
terms of lateral flow of compressing an object. 
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1.3.2 Stress-strain relationship  
Shape alternation of materials is caused by a sufficient loading employed to the 
material. This alternation is termed as deformation. There are two types of 
deformation, namely elastic and plastic (39). Elastic deformation is a 
phenomenon which shows a temporary shape change of material self-reversing 
after the applied force is removed.  This deformation is recoverable because the 
atoms do not slip past other atoms. Whereas plastic deformation occurs when an 
adequate force is applied to the material surface to alter the material shape 
permanently. In plastic deformation, dislocation movement of atoms results in 
breakage of inter-atomic bonds / slip of crystallographic planes past each 
another.  
Figure 1.13 shows how an applied force leads a material to both the elastic and 
plastic deformation. From this curve, it is important to understand that the linear 
area describes a relationship between stress and strain in elastic deformation 
condition. A, is a proportionally limit, while B, shows a yield stress or an elastic 
limit that is the lowest stress value imparted to the material deforming 
permanently. Beyond the yield stress, plastic deformation occurs and material 
shape alterations are not fully recovered. Points C and D are termed as upper 
and a lower yield points. A further force increase will result in more deformation 
within the material which leads the specimen to strain hardening.  Such strain 
hardening is primarily an effect of plastic deformation especially in metal because 
of dislocation movement of crystal structure within material. The maximum stress 
which the material can withstand without fracture is termed as the maximum 
engineering stress or ultimate tensile stress (UTS), point E. At this point, the 
material is susceptible to experiencing necking until the rupture stress where the 
stress causes material failure (3, 39). 
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Figure 1.15 A typical tensile test curve for the mild steel 
 
Therefore, the area below the curve in Figure 1.15 is a value of strain energy 
which is absorbed per unit volume (V). Up to the point of failure, this is a measure 
of the material’s toughness. Further, if the material is impacted to another 
specimen in elastic deformation condition, the material have a capacity to absorb 
the collision energy per unit volume without creating a permanent distortion which 
is named resilience (Ur) (3). It can be calculated by integrating the stress–strain 
curve from zero to the elastic limit.  
𝑈𝑟 = 
1
2
ϒ𝜀𝑦 
(1.5) 
𝑈𝑟 = 
ϒ2
2𝐸
 
(1.6) 
Where 𝜀y is strain at the yield point, ϒ is the yield strength and E is Young’s 
modulus and Ur  has dimensions of Joule m-3. 
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1.3.3 Toughness of material 
In general, fracture is primarily initiated by a crack within a material. . Difference 
measures of toughness (essentially a measure of a materials ability to absorb 
energy up to the point of failure) exist; e.g. Charpy impact toughness, Fracture 
toughness, etc.  Absolute values of these parameters will differ as they are 
measured using particular geometries.  As an example, there are two major 
parameters which can be applied to material fracture toughness, namely: GIc 
(critical strain energy release rate) and KIc (critical stress intensity factor). The 
global crack growth criterion is formulated in terms of the energy release rate G 
and derived from an energy balance. The local stress growth criterion is defined 
in terms of the stress intensity factor K and derived from crack tip stresses. The 
subscript I refers to mode I loading (uniaxial) while the subscript c stands for 
critical. According to Vernon (37) GIc is known as the critical strain energy release 
rate, and its dimension are J/m2.  
𝜎𝑐 = (
𝐺𝐼𝑐𝐸
𝜋𝑎
) 
(1.7) 
Where σc is the critical stress for fracture, E is Young’s modulus and a stands for 
the half crack length. 
Furthermore, KIc is the critical value of the stress intensity at a crack tip required 
to initiate a failure within a specimen under uniaxial loading (mode I loading). By 
using the KIc value, it is possible to calculate the crack dimension required to 
initiate a fast fracture failure under a specific stress applied as well as the value 
of stress required to result in failure in a given material specimen. If the material 
has a high KIc value, it shows that material has a reliable strength towards applied 
forces. 
  
𝐾𝐼𝑐 = 𝑌𝜎𝑐 √𝜋𝑎 (1.8) 
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Where Y is a dimensionless geometry factor of the order of 1. Ashby and Jones 
(38) explain that if the crack length a is small compared to the plate width, Y will 
be equal to 1. 
 
1.3.4 Relation between fracture toughness, strength and energy 
required to break 
The ability of a material to undertake a limited deformation caused by an applied 
stress is an important aspect to describe toughness. Typically, High strength 
materials have a high magnitude of Young’s Modulus (E), and they have a low 
fracture toughness (KIc) and toughness (GIc). However, some of them may be a 
very ‘tough’ after typical processing. A high stress loading on a high strength 
material enables local dissipation which leads to material fracture. This is the 
reason that hard materials tend to be brittle and lower strength materials tend to 
be tougher (e.g. because the later have a reliable deformation capability (40)). A 
catastrophic fracture occurs when stored strain energy is released at a rate 
sufficient to initiate (and propagate) a crack. In a ductile material, for example 
Copper alloys or Lead alloys, the strain energy set up within the material is 
absorbed by energy dissipation due to plastic flow in the material near the crack 
tip, not by creating new surfaces. Whereas in brittle materials, such as ceramics 
or Tungsten-carbide, there is only a small degree of plastic deformation, so the 
strain energy is absorbed by creating new surfaces or cracks.   
Figure 1.14 shows the fracture toughness of materials characterised by K-factor, 
KIc, for various Young’s Modulus value.  Increasing strength (ϒ, Yield strength) 
results in a decrease in the value of fracture toughness. For example, the Steel 
alloy 4140 tempered at 370oC has a fracture toughness of 55—65 MPa.m1/2 and 
a yield strength of 1,375-1,585 MPa; whereas, after increasing tempering 
temperature to 482oC, the fracture toughness increases to 75-93 MPa.m1/2 and 
the strength decreases to 1,100-1,200 MPa (41). 
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Figure 1.16 Fracture toughness against Young’s modulus (42). 
As shown in Table 1.3, Tungsten materials, especially Tungsten carbide have a 
high Young’s modulus and a low fracture toughness, 601 GPa and 6-7 MPa.m-1/2 
respectively; when combined with the materials associated high hardness it may 
be considered a brittle material. Upon an impact with a lower hardness value 
material, Tungsten carbide erodes the incoming or target material because of its 
resistance to indentation, abrasion and wear. However, when a high stress 
loading which exceeds its strength is applied to the Tungsten carbide surface (for 
example via impact with a very strong ceramic), it leads Tungsten carbide to 
experience fast fracture. 
On other hand, steel tend to be less brittle than Tungsten carbide. Steel has a 
higher fracture toughness at 80-170 MPa.m-1/2 and lower Young’s modulus, 210 
GPa. Generally, when a high stress loading is set up within steel, it results in 
elastic and plastic deformation. That is why steel is able to absorb more energy 
upon impact. However, impact between steel and a high strength material will 
disrupt the steel’s surface and initiate a fracture. To optimize the steels 
performance, a proper heat treatment needs to be applied to increase its 
hardness.  
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Table 1.3 Mechanical properties of steel and tungsten carbide 
Material A ϒ (MPa) KIc (MPa.m-1/2) E (GPa) 
Steel 200-1,800 80-170 210 
WC 335-530 6-7 601 
 
Interestingly, the failure mechanism of both materials under high strain rates can 
be affected by shock waves which are transmitted or reflected during the impact.  
 
1.3.5 High strain rate characterisation of material 
Material strain rates as a result of impacts vary linearly with the velocity of the 
specimen impacting the material surface and (by definition) are always a function 
of time. Strain rates below 10-6 s-1 represents a creep domain; with strain rates 
below 10-3 s-1 representing quasi-static deformation. In turn, strain rates above 
100 s-1 can be considered as being part of the intermediate rate domain, strain 
rates of 102 s-1 can be classified as high strain rates, and those above 104 s-1 are 
termed as very high strain rates (43). Finally, strain rates beyond 106 s-1 are 
considered as ultra-high strain rates. In defence equipment testing, for example 
terminal ballistics observation, it was observed that a projectile impacting a target 
has strain rates from 105 s-1 to 106 s-1 under high velocity (1,000-2,000 m/s) 
impact (43). There are several methods used in high strain rate deformation 
observation of materials and parallel dynamic property consideration.  Figure 
1.15 captures the relationship between impact velocity and testing approaches. 
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Figure 1.17 Material behaviour with changing strain rates and load duration 
(44). 
It has been observed that increasing stress levels give a strain rate increase. This 
also affects the microstructure (deformation after impact), and material 
mechanical properties such as yield stress (which now becomes a dynamic 
function of loading conditions), hardness and ductility. For example in 310 
stainless steel, higher strain rates will result in a decrease in ductility (for loading 
from room temperature) – a likely due to a thermal softening effect under shock 
loading (45). Harding (46) explained that impact under high strain rates on 
materials tends to result in an increase of the ratio of tensile to shear failure 
strength.  
1.3.6 Wave propagation 
High velocity impact between two materials can result in wave propagation at 
certain stress values. Stress waves can result in material failure based on 
material characteristics. There are two basic types of wave encountered during 
impact, these are elastic and inelastic (plastic) waves. Elastic waves occurs when 
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the induced stress is less than the yield strength (elastic limit point) of the 
material. On the other hand, when a higher dynamic loading is applied to the 
material surface, the stress wave amplitude will be higher than the material yield 
stress of the specimen. This phenomenon will lead the material to exhibit both 
elastic and plastic deformation.  
Materials experience wave propagation in the form of transmission and reflection 
during a collision event. Wave propagation is governed by a material property 
known as impedance – the square root of the product of Young’s modulus and 
material density (see equation 1.15 below).  When an initial compressive wave 
(σI) travels through material A into a material B of higher impedance, a 
compressive wave (σT) is transmitted to material B and a compressive reflection 
wave (σR) is reflected into material A. Thus, this property of ‘impedance’ is 
essentially the ability of a material to couple incident energy. When applied to a 
sound wave through mediums, particle velocity would be the velocity of the 
continuum elements (atoms or particles) propagating the wave within the material 
in question. Such wave propagation is illustrated schematically below in Figure 
1.8. 
 
 
 
From Figure 1.8, the interface will be in equilibrium at any given point in time. 
Therefore, 
σI + σR = σT   or    (σI + σR)A1 = σT nA1 (1.9) 
A B 
σI 
σT 
σR 
Figure 1.18 The wave propagation after two material impact. 
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Further, particle velocity will be conserved across the interface (e.g. there will no 
gaps, and specimen is not able to superimpose upon itself), meaning that, 
upI + upR = upT (1.10) 
upI = 
𝜎𝐼
√𝐸𝐴𝜌𝐴
 , upT = 
𝜎𝑇
√𝐸𝐵𝜌𝐵
 , upR = 
−𝜎𝑅
√𝐸𝐴𝜌𝐴
 (1.11) 
Assuming continuity, 
𝜎𝐼
√𝐸𝐴𝜌𝐴
 - 
𝜎𝑅
√𝐸𝐴𝜌𝐴
 = 
𝜎𝑇
√𝐸𝐵𝜌𝐵
 (1.12) 
 
And from equation above, the ratio’s between σT and σI and between σR and σI 
are given by, 
𝜎𝑇
𝜎𝐼
= 2
(
 
√𝐸𝐵𝜌𝐵
√𝐸𝐴𝜌𝐴 + √𝐸𝐵𝜌𝐵)
  (1.13) 
𝜎𝑅
𝜎𝐼
=
(
 
√𝐸𝐵𝜌𝐵 − √𝐸𝐴𝜌𝐴
√𝐸𝐴𝜌𝐴 + √𝐸𝐵𝜌𝐵)
  (1.14) 
Z =  √𝐸𝜌, (1.15) 
Where Z = Impedance 
The equations presented above give information with regards to the level of 
stress transmitted and reflected about an interface as a function of the impedance 
of individual materials (3). Table 1.4 demonstrates this effect for four different 
scenarios, where the initial material (material A) impedance is the same, lower or 
higher than that of the rear-most material (material B). For example in Table 1.4, 
copper which has lower impedance value than steel impacting steel target will 
transmit a higher stress compared to tungsten impact to steel. Moreover, only 
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0.10 of incoming stress is reflected to copper as compressive stress compared 
to 0.37 of incoming stress is reflected to tungsten as tensile stress ( ‘ - ‘ indicates 
tensile stress). 
Table 1.4 Ratios of the transmitted and reflected stress from a wave transiting an 
interface between copper, tungsten, tungsten-carbide and steel 
Material A Material B 
ZA x106 
(kg/m2s) 
ZB x106 
(kg/m2s) 
EA (GPa) σT/σI σR/σI 
Copper Steel 33.01 
40.58 
122 1.10 0.10 
Steel Steel 40.58 210 1.00 0.00 
Tungsten Steel 88.95 411 0.63 -0.37 
WC Steel 94.11 601 0.60 -0.40 
 
If the transmitted or reflected stress surpasses the yield strength of the material, 
the material will experience plastic deformation for ductile materials and fast 
fracture for brittle materials. Brittle materials have a higher strength than the 
ductile materials, and the higher the yield strength (ϒ), the lower its KIc 
(toughness) magnitude. However, as the yield strength increases, the Young’s 
Modulus (E) and Impedance (Z) will also increase. A high impedance value will 
lead material to become subjected to more (reflected) tensile stress and 
consequently become prone to experience spall.  
1.4  Steel  
Steel is manufacture involve the oxidation of impurities within iron ores. These 
processes can be carried out by both open-hearth furnaces and the oxygen 
converter process. Steels may comprise of many impurities as well as the main 
alloying element of carbon. There are several types of steels: plain carbon or non-
alloy steels, alloys steel, low alloy steels and high alloy steels. Those steels have 
a wide range composition and contain carbon at concentrations up to 5 per cent, 
along with other elements, such as manganese, silicon, nickel and chromium.  
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Iron and steels are allotropic and have two crystalline forms; body-centred cubic 
and face-centred cubic. These crystalline forms are stable in specific temperature 
ranges, with temperature and pressure change resulting in crystalline shape 
transformation. Pure iron has three ranges which show crystalline forms, namely: 
α iron which has a body-centred cubic form which is stable at temperatures up to 
908oC, while between 908oC and 1,388oC the crystalline form will be γ iron with 
a face-centred cubic structure. Further, increasing temperature up to 1,535oC (the 
melting point) produces δ iron with a body-centred cubic structure (37).  
 
 
Figure 1.19 Iron-Steel phase diagram (47). 
The iron-carbon phase diagram illustrated in Figure 1.19 shows how temperature 
and carbon percentage affect the structure and phase of steel. The eutectic point 
(indicated on the diagram) represents a mixture of substances in fixed proportions 
that melt and freeze at a single temperature which is the lowest melting point of 
a mixture of components. While the eutectoid is a mixture of substances similar 
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to a eutectic, but forming two or three constituents from a solid instead of from a 
melt. Special terms are generally used to denote the various phases and the 
structure types which exist (37): 
a. Ferrite is the term used to describe α and δ iron as well as solid solutions 
which have a body-centred cubic structure. 
b. Austenite is the term used to describe γ iron as well as solid solutions 
which have a face-centred cubic structure. 
c. Cementite has a structure comprising of Fe3C which is a brittle and hard 
compound. 
d. Pearlite is produced when austenite decomposes during temperature 
decrement. Moreover it comprises a eutectoid mixture of cementite and 
ferrite which has a laminar structure. 
e. Martensite is formed when the specimen at its austenitic state is cooled 
rapidly to form a highly supersaturated ferrite with dissolved carbon. It is 
very hard and brittle. 
f. Bainite is the name used to describe the product of austenite 
decomposition in isothermal transformation or at an intermediate cooling 
rate. 
Different carbon contents as well as hot working and various cooling treatments 
of steels give different physical characteristics (37). For example: 
 Slow cooling of a hypo-eutectoid (a lower carbon content that the eutectoid 
point) form from the hot working temperature results in austenite 
transformation to ferrite and a eutectoid mixture of pearlite.  
 In contrast, slow cooling of hyper-eutectoid (carbon content above that of 
the eutectoid point) steels after heating at high temperature produces a 
structure which alters austenite to pearlite in a eutectoid composition, 
which has precipitated carbon which remains as cementite. Moreover, 
cementite works as a boundary to the pearlite phase, increasing the steels 
strength.  
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 A rapid cooling from the hot working temperature alters austenite to be 
coarse pearlite, fine pearlite, bainite and martensite at increasing cooling 
rates. 
The higher the cooling rate, the higher the resultant material hardness.  Material 
hardness is related to carbon content of steel, and martensite increase the 
hardness of steels significantly.  
Martensite is very hard, but it is also very brittle. A post transformation heat 
treatment is necessary to modify the steel properties in order to ensure good 
performance – for example, tempering. When a martensitic metal is heated at 
300-600oC, it can regain the lost toughness with a moderate hardness decrease. 
In tempering, it is possible for carbon to dissolve out from the highly 
supersaturated ferrite to precipitate and form Fe3C (47). The lattice then returns 
to a body-centred cubic structure and as a result material ductility increases. An 
increase in terms of the tempering temperature will increase the rate of diffusion 
and precipitation, hence it will soften the material and release the internal 
stresses generated after hardening.  
Steel performance for armour applications can be increased by annealing, 
hardening, tempering and also a spheroidising process as well as surface 
hardening treatments such as carburising, nitriding, cyaniding and, carbonitriding. 
An optimal set of heat treatments to increase the strength of steels involves 
hardening at 30-50oC above the upper critical temperature followed by rapid 
quenching in water and a carburising surface heat treatment. The upper critical 
temperature  is temperature above which the austenite phase is stable. A further 
heat treatment after hardening would then be tempering to relax material internal 
stresses (as with martensite). Moreover, the presence of alloying elements also 
improves the hardenability, gives the potential for solution strengthening and 
precipitation hardening (in certain case), can increase corrosion resistance and 
also stabilise austenite at room temperature (37, 47). 
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1.5 Numerical simulation 
The development of ammunition, especially medium and large calibre 
ammunition, as well as armour materials is a very expensive undertaking 
because it involves many ballistic trials with numerous parameters which can 
affect the outcome. Consequently, numerical simulation has over recent years 
come to the fore as a tool to analyse ballistic impact behaviour. Such numerical 
simulations are usually complementary to / are calibrated and compared with 
experimental data. By using the calibrated parameters and applying them in 
numerical simulations, it is possible to reduce cost and time for collecting 
research data.  
1.5.1 Numerical simulation development 
Numerical simulations have been widely applied within both armour and anti-
armour research to facilitate better understanding of complex dynamic behaviour 
with benefits including reduced cost, increased speed and attention to detail. In 
numerical simulations, systems are discretised in an appropriate manner and the 
effects of applied loads on these elements considered.  Essentially, the material 
behaviour during the dynamic event is calculated step by step with each resultant 
strain increment leading to an associated stress change. Systems (e.g. projectile 
/ armour combinations) can be modelled as 2-D or 3-D constructs using either 
finite element or finite difference methods as well as allowing for both linear and 
/ or non-linear behaviour (10). 
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Figure 1.20 Typical integration scheme utilised in a hydrocode (10). 
Numerical modelling for impact events are usually conducted in hydrocodes 
which are numerical program specialised for solving material behaviour related 
problems during impact / dynamic events. According to Zukas (44), the 
hydrocode term describes a hydrodynamic (fluid-like) behaviour which is 
assumed for high strain rate impact events. Most hydrocodes solve short-term 
problems by implementing an explicit formulation which is preferable for small 
time steps. 
These are numerous studies which have implemented numerical simulation for 
impact-related phenomena in the literature. Modellers use different combinations 
of software system, solvers, equation of state, strength model, damage criteria, 
and erosion function of models as required for a given problem – as shown in 
Table 1.5. 
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Table 1.5 Fundamental parts of applied numerical models (10). 
 
 
In a typical study, Johnson and Cook (48) conducted computational work using 
the Lagrangian EPIC code to simulate oblique and yawed rod impact on thin 
single and spaced steel plates at various velocities. The simulation results were 
found to be similar to both experiments and previously published computational 
work conducted using the Eularian MESA code. Usefully, however, the simulation 
time of the Lagrangian EPIC code was shorter than for the Eularian MESA code 
results previously published. 
In similar work, Iqbal et al. (49) conducted three-dimensional numerical 
simulations of sharp nose projectile impact against ductile materials. A three-
dimensional finite element (FE) model was constructed by using ABAQUS/CAE 
as shown in Figure 1.19. The projectile was modelled as analytical rigid part and 
the target as a deformable body. This work was then compared with previous 
experimental and axi-symmetric numerical results. As with the study by Johnson 
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and Cook (48) it was again found that the results were in a good agreement with 
the experimental studies. Numerical simulation of 7.62 and 12.7 mm projectile 
impact to high hardness steel (Armox 500T) has been also been conducted using 
calibrated material models (50), illustrating the breadth of simulation based work 
previously presented in the literature. 
 
Figure 1.21 Finite element model: (a) thick steel plate target; (b) thin aluminium 
target (49). 
Some numerical simulations in the literature have been conducted by 
implementing LS-DYNA (6, 51-54). The LS-DYNA package is a multi-physics 
solver widely known as an explicit code intended for short term dynamic event 
simulations. For example, Kilic and Ekici (6) have conducted ballistic limit testing 
of 500 HB armour steel against 7.62mm API hardened steel core ammunition. A 
three-dimensional numerical simulation was carried out using both Lagrange and 
smoothed particle hydrodynamics (SPH) simulations. Both Johnson-Cook 
strength and failure models (discussed in more detail later in this thesis) were 
implemented to reproduce projectile and steel armour failures observed in the 
experimental work. Similar simulations with the same method were also 
performed to investigate explosively formed projectile (EFP) impact into concrete 
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targets, perforation of sandwich panels with an aluminum foam core, and steel 
armour impact modelling in different oblique angle (52-54). 
 
Figure 1.22 A sequence of plots describing the perforation of steel plate by 7.62 
mm AP bullet at 50o impact obliquity (52). 
1.5.2 Modelling method 
The commercial hydrocodes ANSYS explicit dynamics and ANSYS Autodyn® 
have been used in this study to simulate the impacts between the projectile and 
steel target plate. Both programmes are part of ANSYS Workbench suite, version 
18.1. ANSYS Autodyn® consists of multiple solvers for different material 
characteristics which also can be combined for highly complex programs. Some 
common method which are used in simulation of high velocity impact are as 
follows (55-56):  
a. Finite element for structural dynamics (Lagrange) 
In this method, the mesh is integrated with the material and during 
deformation the associated elements are always in the same relative 
position as before. This method allows the system to track materials and 
material flow easily. Contact between two materials can be determined as 
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contact of nodes and element edges. When a large deformation occurs, 
the elements will be distorted and lose their accuracy.  The time step is 
defined from the smallest element in the system so the simulation can run 
at a small time step that will increase the computation time. In order to 
solve the problem above, the erosion method is often applied in certain 
condition based on material characteristics. When using the erosion 
method during simulation, it is possible to retain the nodes from eroded 
elements as well as keep kinetic energy in the system. 
 
b. Finite volume for transient fluid dynamics (Euler) 
In the Euler method, the mesh is established and material flows through 
the mesh from one cell to another cell. The Lagrange method problem is 
eliminated because the cells do not experience distortion and large 
deformations do not affect the simulation’s time step.  
 
c. Adaptive mesh for structural dynamics with large deformation (ALE) 
The Arbitrary Lagrange Euler (ALE) approach is a combination of the 
Lagrange and the Euler methods. This method runs as a Lagrange 
simulation with mesh deformation, within which an interval of iterations is 
set to restructure the mesh and prohibit highly skewed elements from 
being generated. During the restructuring, the stresses and deformations 
are moved from former nodes to new elements and nodes which is the 
same method with the Euler method.  
 
d. Mesh-free particle for large deformation and fragmentation (SPH) 
Smoothed-Particle Hydrodynamics is a mesh-free method where the 
nodes are not associated with elements or cells. By doing so, the large 
distortion and infinitesimal time steps associated with elements are 
eliminated. Material failure and fracture are also defined more naturally. 
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1.5.3 Material models 
Material models in dynamic simulations comprise of multiple parts depending on 
material behaviour and application. These range from simple linear models for 
static behaviour to complex ones with many factors involved. Different parts can 
be combined together to provide an accurate simulation (55-56). Some of the 
models usually used in ballistic impact event are the Equation of state (EOS), 
strength and failure models.  
An equation of state (EOS) is a relation between pressure (hydrostatic stress) 
applied on a given material, local density, and local specific energy. Hooke’s law 
is the simplest expression of an equation of state and it is formulated as bulk 
modulus. The bulk modulus describes a linear relation between hydrostatic stress 
and change in volume, and does not calculate temperature effects (essentially, 
the EOS deals with volumetric effects but not deviatoric – or strength – ones).  
Hooke’s law is only valid for linearly elastic materials which usually experience 
only ca 2% of volumetric change up to the elastic limit. In ANSYS Autodyn®, this 
simple EOS is applied as a linear EOS. Some of the steel models in the ANSYS 
library use a shock EOS. According to ANSYS, this EOS is established from the 
Rankine-Hugoniot equations for shock conditions (57). It also relates the 
hydrostatic stress to density change, specific energy and particle velocity. The 
Mie Grúnessian gamma formulation of the shock EOS is presented in the 
equations shown below (55).  
𝑝 = 𝑝𝐻 +  𝛤 𝜌(𝑒 − 𝑒𝐻) (1.16) 
𝑝𝐻 = 
𝑝0𝐶0
2𝑢 (1 + 𝑢 )
(1 − (𝑆 − 1)𝑢)2
 
(1.17) 
𝑒𝐻 = 
1
2
 
𝑝𝐻
𝑝0
 (
𝑢
1 + 𝑢
) 
(1.18) 
𝑢 =  
𝜌
𝜌0
− 1 
(1.19) 
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Where p is pressure, u is particle velocity, e is specific energy, C0 is bulk sound 
speed named as C1 in the ANSYS library, S is the Hugoniot linear slope 
coefficient (in the shock velocity / US – particle velocity / u plane) named as S1 in 
the library, e is specific energy and Γ is the Gruneisen coefficient.  
During an impact event, a large plastic (as well as elastic) deformation of the 
materials involved will likely occur. Generally, the deformation element of the 
event represents the material strength. One of the most famous strength model 
is the Johnson-Cook (JC) model which was introduced by Johnson and Cook (48) 
to observe material behaviour in various strains, strain rates, pressures and 
temperatures. In this model, thermal softening, strain and strain-rate hardening 
are all taken into account. All required material parameters were derived from 
three test procedures (10):  
 A torsional test for strain rates between quasi-static to 400 m/s. 
 Split-Hopkinson pressure bar (SPHB) tensile tests at different 
temperatures. 
 Quasi-static tensile tests. 
Experimental results from the three test detailed above are combined to simplify 
the model and provide a reasonable accuracy when employed in numerical codes 
(10, 48). The Johnson-Cook model can be described as follows: 
𝜎𝑒𝑞 = [𝐴 + 𝐵ɛ
𝑛] [1 + 𝐶 𝑙𝑛έ∗] [1 − 𝑇∗𝑚]  (1.20) 
έ* = έ / έ0 (1.21) 
 
The three terms in equation (1.20) represent the following: 
1) The first bracket equation represents the yield stress increase due to strain 
hardening. Where A is the yield strength, B is the strain hardening, ɛ is the 
equivalent plastic strain and n is the strain-hardening exponent. 
2) The second bracketed term describes the yield stress increase with strain-
rate increment. Where C is the strain rate constant, έ is the equivalent 
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plastic strain rate and έ* is the dimensionless plastic strain-rate for the 
reference strain rate (έ0) is 1.0 s-1. 
3) Finally, the last term of the JC model is homologous temperature T*. This 
expression describes the thermal softening of the material because of 
thermal plastic instability. 
It is worth noting that the JC model is only one approach and that other strength 
parameters are also applied in numerical simulations, for example The Steinberg-
Guinan, bilinear or multilinear hardening, and the Zerilli Amstrong model. 
At typical high load values, especially in hydrocodes where pressures can be very 
high magnitude, materials will experience failures. Capturing the effects of these 
material failures is one of the important factors in hydrocodes studies. To simulate 
this, failure is divided into two parts that are failure initiation and failure response. 
Several parameters are used in determining failure initiation, for instance plastic 
strain, principle stress failure, Johnson-Cook failure and more. While post-failure 
response can involve both instantaneous and gradual failure (52). 
 
1.6 Project to be undertaken 
As detailed previously, in this study armour-piercing penetration of metals and 
other hard materials has been investigated. The 12.7 mm projectiles were used 
for the experiments. Penetration of 12.7 mm projectiles on high hardness steels 
were observed by measuring residual velocity – with a particular focus on gilding 
jacket effect on penetration (an area identified in the literature as important, but 
where additional insight has been identified in the literature survey as being 
potentially beneficial). Moreover, penetration mechanism was observed by 
capturing Flash X-Rays images and numerical simulation. Further, the influence 
of both different projectile materials and variations in their hardness (accessed 
via differing heat treatments) was also examined. 
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2 Materials 
In this study, copper jacket was produced and attached to steel cores to observe 
the effect of the copper jacket to projectile performance into Armox Advance 
penetration.  En8 and M2 steel core were used in the experiments. En8 steel was 
used to produce initial core samples because it was able to be heat treated at 
Cranfield University’s Shrivenham Campus where the experiments were being 
undertaken. In contrast, M2 steel needed to be procced in a vaccum oven to 
produce the desired / targeted hardness conditions, nessecitating off-campus 
processing. Consequently, the En8 steel cores were used to conduct initial 
experiments to validate experimental processes / investiagte mechanims before 
the main experiments with three M2 steel hardness conditions were undertaken. 
A 5 and 9-mm thick Armox Advance were also applied in this experiments to give 
insight into projectiles penetration in different plate thickness.  
2.1 Materials list 
A number of different materials were employed in the experiments discussed in 
this thesis.  These comprised of: 
1. 5 and 9-mm thick Armox Advance plate were used as target materials during 
forward and reverse ballistics testing. The plates were cut into 45-mm 
diameter or 150 mm x 150 mm rectangular shapes as-required.  The plate’s 
hardness was measured as 58-63 HRC. 
2. En8 and M2 Steel were used for projectiles. 
3. Finally both 30 and 50-mm diameter Acetyl sabots were employed as-
required. 
4. 12-mm thick PMMA backing (~60x60 mm2), 8-mm aluminium 7075 target 
(~60x60 mm2), and 25 mm MylarTM. 
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2.2 Equipment list 
Key equipment employed consisted of: 
1. 30-mm bore, 4.5-m barrel single-stage gas gun 
2. 50-mm bore, 6-m barrel single-stage gas gun 
3. Four channel Scandiflash Flash X-Ray system (operating at up-to 350 kV 
per-channel) 
4. High speed video cameras (of type V7 or V12 as-required manufactured by 
Vision Research) 
 
2.3 Projectiles preparation 
The projectiles employed in the sequence of experiments discussed in this thesis 
were prepared in Cranfield University’s workshops. There were two types of 
bullets produced: a projectile with a copper jacket and one without copper jacket 
– in both cases these were assembled into a brass driving band projectile body. 
Those bullets were processed from En8 Steel and M2 Steel as-required. The 
bullet calibre is for 12.7x99 mm ammunition with a 12.7x99mm armour piercing 
ammunition.  Details of the projectiles manufactured are given Table 2.1 along 
with Figure 2.1. 
Table 2.1 Samples used in experiments. 
Material type Hardness  With copper jacket Without copper jacket 
En8 Steel 52-53 HRC 20 pcs 20 pcs 
M2 Steel 
42-45 HRC 20 pcs 20 pcs 
52-55 HRC 20 pcs 20 pcs 
62-65 HRC 20 pcs 20 pcs 
 
The projectile samples were also prepared for V50 (velocity-50%) test, but the test 
was not able to be conducted due to the Cranfield University’s Ballistic Range 
closure.  
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(a) with copper jacket (b) without copper jacket 
Figure 2.1 12.7mm armour piercing projectiles: (a) with jacket and (b) without 
jacket. 
A copper jacket addition to the steel core resulted in a 3 gram heavier of jacketed 
projectile.  The average mass of the unjacketed core was 27 gram, while the 
jacketed core was 30 gram. This discrepancy generated a different kinetic energy 
of the projectiles in the case where the projectile was fired into stationary Armox 
Advance targets. The kinetic energy of the unjacketed core at 750 m/s velocity 
was 7.8 kJ compared to the kinetic energy of the jacketed core of 8.4 kJ at the 
same velocity. This condition would have led to some errors in the data in the 
Forward Ballistic tests and is consequently considered in subsequent 
discussions. 
 
Figure 2.2 Cross-sectional view of jacketed projectile. 
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2.3.1 En8 and M2 steel heat treatments 
Further details of the two steels employed for projectiles, along with details of the 
heat treatments employed for each, are presented below: 
 En8 carbon steel is a medium carbon and medium tensile steel, with 
improved strength over mild steel, through-hardening medium carbon 
steel. EN8 steel is also readily cut in any condition. In the manufacturing 
process adopted here, En8 steel round bar was machined before the heat 
treatment process. A batch of the En8 steel cores were hardened at 860oC 
for 20 minutes then oil quenched. This was followed by a tempering heat 
treatment at 250oC for 40 minutes before air cooling (58). 
 M2 steel is molybdenum-type high speed steel with excellent material 
toughness and cutting properties. In this case the M2 steel round bar was 
also machined to form the core geometry before the heat treatment 
process. In this study, three hardness conditions were used to observe the 
influence of hardness on penetration mechanism. A batch of steel cores 
was pre-heated at 700oC and 870oC and then ramped to 1190oC. The steel 
cores were quenched with nitrogen gas at a pressure of 3 bar. To give 
three different hardness conditions, there are three tempering temperature 
which were subsequently applied for the following heat treatment step as 
shown below (59). 
 
Table 2.2 Tempering condition for M2 steel cores 
No 
Tempering 
Temperature (oC) 
Holding time 
(minute) 
Hardness result 
(HRC) 
1 680 120 42 
2 640 120 52 
3 540 120 62 
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2.3.2 Copper jacket production 
In this study, a typical new copper jacket design was used to examine its effect 
on the penetration mechanism of steel cores into Armox Advance plate. The 
copper jacket was made from a C101 copper with 1.5-mm thickness (60). 
Generally, the copper jacket of a projectile is produced by using an industrial 
automatic punching or drawing machine or a simple set of punch and die tools. 
In this study, however, the copper jacket was manufactured in Cranfield’s 
Workshops using 20 sets of punch and dies tools via the following core stages: 
 First, a coin-shaped piece of copper disc is punched out of a strip or a 
sheet. The punch is usually a round metal cylinder that is pushed through 
the jacket material into a die. 
 
 
Figure 2.3 Tool set for discing, drawing and forming step in copper jacket 
production. (1) punches; (2) dies; (3) punch holders; (4) outputs. 
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 Next, the jacket material is then placed in a drawing die or over a punch 
and the punch is forced into the die. This method is applied from step 2 to 
18 and may involve several different punches and dies which are used to 
form specific features in the jacket.  Figure 2.2 shows dies and punches 
design for discing, drawing and forming step. 
 At the eighteenth step, the copper jacket is annealed with gas torch until 
become cherry red. This annealing increase material ductility and allows 
copper jacket to be stretched more as well as prevent cracking. 
 
Figure 2.4 Copper jacket production steps. 
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2.3.3  Hardness measurement 
All materials hardness were measured using micro hardness Vickers tester. The 
Vickers hardness value was converted to Hardness Rockwell C (HRC). The 
samples were embedded into plastic resin mixture and let them dry. The prepared 
samples were ground and polished to provide very smooth surface, so the 
indentation was clearly defined. Particularly at lower forces, a rough surface, or 
a surface affected by grinding or filing will give inaccurate results. 
 
 
Figure 2.5 Top view of hardness measurement samples (copper sheet, copper 
jacket, steel core and Armox Advance plate). 
 
The hardness value of materials were measured in various position as shown by 
yellow arrows in Figure 2.5 to give average hardness value. 
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3 Experimental set-up 
All ballistics tests are to be carried out within the Dynamic Response Group 
Laboratory at Cranfield University, Shrivenham, United Kingdom.  
3.1  Forward-ballistics experiments 
 Forward ballistics testing were be carried out using a 30-mm bore single-
stage gas gun. This was used to launch saboted-projectiles into desired target 
material. The experiments were designed to investigate the effect of the gilding 
jacket on projectile penetration towards steel plates. In these experiments as 
shown in Figure 3.1 and 3.2, no backing material  was employed during the shots. 
Instead, the projectile was simply fired through the target material to analyse the 
energy loss for the two types of bullet under consideration (see Figure 3.3). The 
projectile velocity after leaving barrel was nominally 765 ± 20 m/s, confirmed by 
measurement using light gates. The velocity before and after perforation was also 
be measured via high speed camera, with this data than employed to confirm a 
kinetic energy loss because of the projectile and steel plate impact.  
 
Figure 3.1 Schematic illustration (not to scale) showing experimental set-up for 
the forward ballistic tests to measure bullet’s velocity before and after impact. 
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Figure 3.2 Experiment set up inside gas-gun target chamber. 
 
Figure 3.3 Jacketed and un-jacketed projectiles embedded in 30-mm diameter 
sabot. 
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Forward ballistic test was the simplest experiment compared to other 
experiments. Moreover, residual velocity of projectile fragments were able to 
measured using this method. However, fragments movement along z-axis and 
parallax phenomenon affected the velocity measurement accuracy. Moreover, 
the projectile mass discrepancy influenced the results due to the kinetic energy 
difference at the same velocity. 
 
3.2  Reverse-ballistics experiments  
The reverse ballistics experiments using both jacketed and unjacketed projectiles 
and were conducted using the apparatus shown schematically in Figure 3.4, 
comprising a 50-mm bore single-stage gas gun (61) with projectile impact 
velocities of 750 ± 20 m/s (Figure 3.6 (a)).  This gun launched the steel-plate 
targets fixed to acetal sabots towards stationary projectiles mounted on a 
polycarbonate support structure (Figure 3.6 (b)). This approach eliminates the 
yaw associated with a small projectile in a large sabot and, importantly, ensures 
that impact occurs at a precise spatial point to facilitate analysis. Moreover, 
observation of different projectile designs was able to be conducted without 
kinetic energy discrepancy because the projectiles were prepared as stationary 
object. Just before impact, a Scandiflash four-channel flash X-ray system was 
initiated via a laser light gate and delay mechanism to capture radiographs at 
precise 10-s intervals (impact occurred nominally 30 s after light gate 
activation). Four radiographs were produced per impact, designed to visualize 
the impact and determine the penetration mechanism. 
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Figure 3.4 Schematic illustration (not to scale) describing experimental set-up 
for the reverse ballistic. 
 
Figure 3.5 Impactors and projectiles used in reverse ballistic experiment. 
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(a)  (b)  
Figure 3.6 The key elements of the reverse ballistic experiments. (a) 
Compressed gas-gun viewed from the breech end plus flash X-ray system 
(silver cylinders radiating from target vessel). (b) Core on polycarbonate mount 
positioned in front of the muzzle. 
In this study, reverse ballistic experiment was used to observe the penetration 
mechanism qualitatively through captured x-ray image. To explain further insight 
in penetration behaviour, the reverse ballistic experiment must be followed by 
forward ballistic and pressure gauge experiments as well as numerical modelling. 
 
3.3  Pressure Gauge Experiment 
 Impact tests comprising  form of plate-impact experiment with Manganin 
pressure gauges (62-64) were employed to investigate the pressure on the 
targets during impact. A 50-mm single-stage gas gun was used for these shots 
(61). An 8-mm aluminium 7075 target (~60x60 mm2) was placed in front of a 12-
mm PMMA backing plates of the same size. A 25-m thick insulating MylarTM 
sheet and a ManganinTM gauge (48.0 Ω, Vishay LM-SS-125CH-048) were 
introduced between the aluminium target and PMMA backing plate as shown in 
Figure 3.7 (a).  All components were bonded together using an epoxy adhesive 
(Loctite® EA 3421) and clamped overnight.    
Polycarbonate 
support 
Steel core 
Gas gun muzzle 
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(a) 
(b) 
Figure 3.7 schematic ilustration of projectile-impact experiment using Manganin 
gauge (a) exploded view of target configuration; (b) experimental set-up for 
experiments. 
Following assembly of the core elements of the arrangement a target set was 
assembled with an 8-mm aluminium spacing ring and a target ring containing a 
pair of trigger pins to initiate signal recording on an attatched oscilloscope.  The 
aluminium spacing ring was included so that the sabot would initiate 
measurement when the tip of the projectile was ~2 mm away from the target, with 
the latter installed in a barrel extension and tightened with pins. The 12.7 mm En8 
steel core projectile was inserted into a 50-mm diameter acetal sabot as shown 
in Figure 3.8 (a). The projectile was fired at 250 bar air pressure to reach a target 
velocity of 650 ± 20 m/s. Gauges were interpreted according to the Rosenberg et 
al. (65). 
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(a) Inserted unjacketed and jacketed 
cores in 50 mm acetal sabot. 
(b) A target set mounted to barrel 
extension on muzzle. 
Figure 3.8 Pictures showing the main components of the reverse ballistic 
experimental arrangement. 
In this experiment, aluminium 7075 was used as target instead of Armox Advance 
plate because it was readily available and easy to prepare to a good surface 
finish. Meanwhile, Armox Advance plate preparation took a long time to be 
finished. The PMMA backing was applied in this experiment because it was a 
less expensive material which was, never the less, well characterised. In addition, 
its clear surface facilitated the pressure gauge positioning. 
The pressure gauge experiment presented pressure generated by projectile on 
PMMA surface. This presented a further explanation of the effect of copper jacket 
during penetration compared to forward and reverse ballistic. Moreover, the 
shock wave behaviour upon impact was clearly observed through pressure 
gauge traces. However, improper target set preparation and gauge calibration 
could affected the measurement result.  
  
Jacketed 
core 
Unjacketed core 
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4 Modelling procedure 
In this study, the commercial software ANSYS Explicit Dynamic and ANSYS 
Autodyn® have been applied to simulate the impact of steel projectiles and Armox 
Advance plates. Both programs are in ANSYS Workbench package version 18.1. 
ANSYS Explicit Dynamic is applied to build the model from an imported *.STEP 
format drawing file which was generated in Solidworks software as presented in 
Figure 4.1. Engineering data input and the model’s meshing were carried out 
using Explicit Dynamic due to its accessibility and ability to provide parametrising 
inputs and outputs. Parametrising is quite useful when running multiple similar 
simulations and changing only a small part of parameters. In turn Autodyn® was 
used as a solver because its gives more control to the user.  
 
Figure 4.1 Projectile and target drawing in Solidworks; (a) overall view; (b) X-
axis view and (c) cross-sectional view of projectile. 
 
Three different part drawings were created for these models, namely that for the 
target plate (Armox Advance), steel core and copper jacket. There was an air gap 
between steel core and copper jacket as shown in Figure 4.1(c). Those 
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geometries were developed individually and then compiled as one assembly file 
before being exported to the requisite *.STEP file.  
The Armox Advance steel targets of thicknesses 5 and 9 mm were modelled as 
three-dimensional deformable bodies on ANSYS Explicit dynamic. The size of 
the target was 150 mm x 150 mm. The projectiles were also modelled as three-
dimensional deformable bodies of 12.7 mm armour piercing (AP) core. Those 
parts geometries were imported from the .STEP file and sliced to a half symmetry 
model in order to reduce the computational resources required during the 
simulation. The half symmetry model represented the same behaviour with a full 
three-dimensional model (55).  In turn, the Armox plate was divided into two parts 
to allow set finer mesh size on a smaller part in the middle (close to the area of 
impact) and a coarser mesh on the rest of the structure in consideration of 
reducing nodes and elements. 
 
Figure 4.2 Numerical simulation works order. 
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Material properties of the Armox Advance steel target, steel core, and copper 
jacket were imported from the ANSYS library, with some parameters edited 
manually according to experimental results and references. The target was 
meshed using the multizone method and body sizing with element sizes of 0.5 
and 1 mm respectively for the finer and coarser areas. Whereas, the copper 
jacket and the steel core were meshed by the patch independent method with an 
element size of 1 mm. The projectiles were impacted on the target at an incident 
velocity of 750 m/s. All the material properties used in the simulation are 
described in Table 4.1, 4.2 and 4.3. 
 
Table 4.1 Material properties of Armox Advance. 
Description Notation Numerical  value 
Modulus of elasticity E (Pa) 2.19 x 1011 
Density ρ (kg/m3) 7,783 
Specific heat Cp (J/kg.C) 550 
Johnson Cook Strength   
  Strain rate correction  First order 
  Initial yield stress  A (Pa) 1.58 x 109 
  Hardening constant B (Pa) 9.58 x 108 
  Hardening exponent n 0.175 
  Strain rate constant C 0.00877 
  Thermal softening exponent m 0.172 
  Melting temperature θmelt (K) 1,800 
  Reference strain rate ɛ0 1 s-1 
Shear modulus G (Pa)  
Shock EOS Linear   
  Gruneisen coefficient Γ 1.6 
  Parameter C1 C1 (m/s) 3,980 
  Parameter S1 S1 1.58 
  Parameter quadratic S2 S2 (s/m) 0 
Principal stress failure   
  Maximum tensile stress    (Pa) 2.25 x 109 
  Maximum shear stress    (Pa) - 
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Table 4.2 Material properties of Copper. 
Description Notation Numerical  value 
Modulus of elasticity E (Pa) 1.23 x 1011 
Density ρ (kg/m3) 8,900 
Multilinear isotropic hardening  Tubular data from ANSYS library 
Specific heat Cp (J/kg.C) 1 x 10-12 
Shear modulus G (Pa) 4.64 x 1010 
Shock EOS Linear   
  Gruneisen coefficient Γ 2 
  Parameter C1 C1 (m/s) 3,958 
  Parameter S1 S1 1.497 
  Parameter quadratic S2 S2 (s/m) 0 
Geometric strain failure  1.5 
 
 
Table 4.3 Material properties of M2 steel core. 
Description Notation Numerical  value 
Modulus of elasticity E (Pa) 2.29 x 1011 
Density ρ (kg/m3) 8,100 
Specific heat Cp (J/kg.C) 598.33 
Bilinear isotropic hardening   
  Yield strength Y (Pa) 2.46 x 109 
  Tangent modulus Et (Pa) 1.47 x 1011 
Shear modulus G (Pa) 8.97 x 1010 
Shock EOS Linear   
  Gruneisen coefficient Γ 2.17 
  Parameter C1 C1 (m/s) 4,569 
  Parameter S1 S1 1.49 
  Parameter quadratic S2 S2 (s/m) 0 
Principal stress failure   
  Maximum tensile stress    (Pa) 2.46 x 109 
  Maximum shear stress    (Pa) - 
 
Different material properties were applied in these numerical simulations. All of 
the copper properties was loaded from the ANSYS materials library also with 
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selected engineering data for the M2 steel core and the Armox Advance plate. 
The M2 steel core properties are similar to those of S-7, while the Armox Advance 
steel plate has a similar strength to steel V250.  In addition, key elastic properties 
(modulus of elasticity, tangent modulus and shear modulus)  of both M2 steel and 
Armox Advance were determined ultrasonically by measuring longitudinal and 
shear wave velocities at 1.0 Mhz traveling within materials.  In turn, material 
desnities were accurately measured via the Archamedes principle (Mettler 
Toledo Density Measurement Kit (Mettler Toledo) (66).  
Table 4.4 shows details of the meshing methods applied to the parts. A multizone 
meshing method was used for the Armox Advance components before body 
sizing was applied to reduce element size. The multizone method automatically 
decomposes geometry into blocks which comprise of a dominant hexahedron 
mesh with the remaining region filled with unstructured hexahedron core or 
tetrahedron mesh elements. This method reduced the number of elements as 
well as simulation run time. Because of their complicated geometries, a patch 
independent method was employed for the copper jacket and steel core parts to 
generate tetrahedron elements. The patch independent method meshes volume 
first before face and edge meshing (67). 
 
Table 4.4 Meshing of target plate and projectile. 
Part Meshing Element type Mesh quality 
Armox Advance 1 Multi-zone (0.5 mm) and 
Body sizing (1mm) 
Hexahedron 0.59471 - 0.91643 
Armox Advance 2 Body sizing (4 mm) Hexahedron 
and wedge 
0.16462 - 0.78929 
Steel core Patch independent (1 mm) Tetrahedron 0.43356 - 0.99609 
Copper jacket Patch independent (1 mm) Tetrahedron 0.39419 - 0.99869 
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Figure 4.3 Projectile and target meshing in a half symmetry model. 
 
An initial velocity applied to the moving parts (e.g. the copper jacket and steel 
core) of 750 m/s along z-axis. Fixed supports (e.g. constraints in terms of motion 
in all three planes) were then applied on both the top and bottom faces of the 
Armox Advance plate as shown in Figure 4.4 (b) to simulate the retention 
approach adopted experimentally (see figure 3.1). At this point the setup data 
was exported to Autodyn® and simulation end time, other control parameters and 
output files were arranged before running the simulation. Typically, output 
comprised of residual velocity, wave propagation pictures, and stress. 
 
Figure 4.4 (a) initial velocity direction and (b) fixed supports position.   
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5 Result and discussion 
This section outlines and discusses the results obtained from all experiments. 
Results from forward ballistic, reverse ballistic, stress gauge experiments and 
numerical simulations are all presented and discussed with the aim of highlighting 
the effects of differing projectile configurations on their ballistic response.  
5.1 Material characteristics 
Four core materials were employed for these experiments; two steels (En8 and 
M2 high speed steel (HSS)) for the bullet core; Armox Advance for the targets 
and C101 copper for the bullet jackets (where present).  Hardness values for 
these different materials – and the different heat treatments employed – are 
detailed in Table 5.1. 
 
Table 5.1 Hardness of materials 
Materials 
Average hardness value  
Hardness Vickers (HV) Hardness Rockwell C (HRC) 
Copper Jacket 84.7 - 
Armox Advance 677.0 59 
En8 Steel 558.3 52.9 
M2 HSS Steel 42 429.0 43.5 
M2 HSS Steel 52 551.5 52.4 
M2 HSS Steel 62 827.2 64.8 
 
From Table 5.1 it is apparent that the copper material has the lowest hardness 
value, consistent with its ductile characteristic (something enhanced by annealing 
during production – as detailed in the next few sections).  Whereas En8 steel has 
a similar hardness value with M2 HSS steel 42. The En8 steel core was used in 
initial sample in reverse ballistic tests. Interestingly, the Armox Advance plate 
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hardness is only surpassed by that of the M2 HSS steel 62.  In this study, M2 
HSS steel cores were prepared in three different hardness configurations as 
detailed in Table 5.1 (42, 52 and 62 HRC).  Hardness was controlled via 
tempering temperature; decreasing temperature increased the amount of the 
harder martensitic phase, in turn reducing the proportion of the softer retained 
austenitic phase.  More details on each of these materials are presented in the 
following sub-sections. 
 
5.1.1 Bullet Materials 
En8 steel and M2 high-speed steel (HSS) with various hardness conditions were 
used to produce steel cores to observe the influence of material and hardness on 
penetration performance. As discussed in Section 2.3, both steels were 
machined before heat treatment process.  Figure 5.1 shows optical micrographs 
illustrating the microstructure of both En8 steel and M2 HSS steels with hardness 
targets of 42, 52 and 62 HRC. 
In the En8 microstructure, blue crystals were observed representing martensite 
in an austenite matrix. Martensite is generated by rapid cooling after hardening 
from the austenite temperature. In turn, the M2 steel is observed to exhibit both 
martensite (blue crystals) and an additional phase comprising of a metal carbide 
(MC and M6C types), as shown in Figure 5.1. It’s also worth noting that a greater 
proportion of martensite was found in the higher hardness 62 HRC M2 steels 
compared to those with other hardness conditions. 
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Figure 5.1 Microstructure of En8 steel and M2 steel in various hardness 
contains martensite and metal carbide in austenite matrix. 
 
The micrographs presented in Figure 5.1 are consistent with the known properties 
of both materials; in particular: 
 En8 steel is an unalloyed medium carbon steel grade with reasonable 
tensile strength. It is broadly used for applications which require better 
mechanical properties than mild steel. Usefully, En8 can be flame or 
induction hardened to produce a good surface hardness with moderate 
wear resistance. 
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 M2 High speed steels comprise a family of alloys mainly used for cutting 
tools. These steels contain a soft metallic matrix with hard ceramic 
particles that withstand wear. The high-speed steel term is a synthesis of 
the following two components. First, the alloys belong to the Fe–C–X 
multicomponent system, where X is a group of alloying elements 
encompassing Cr, W or Mo, V, and Co. Second, the alloys are defined by 
their capability to retain a high hardness level even when submitted to 
elevated temperatures as a result of cutting metals at high speed. The 
carbides are predominantly consist of the strong carbide formers V, W, Mo 
and Cr (68).  
 
5.1.2 Target plate material 
Armox Advance, employed as the target material for the experiments discussed 
in this thesis, is an engineered armour steel which hardness in the range 58 to 
63 HRC whose preparation involves a rapid cooling (quench) (69). Figure 5.2 
shows the microstructure of the Armox Advance plates employed here; 
martensite crystals are apparent distributed alongside ferrite in an austenite 
matrix. 
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Figure 5.2 Microstructure of Armox Advance plate. 
Bullet jackets were comprised of C101 copper (99%) sheets.  During cupping, 
drawing and forming steps, the copper sheet was stretched leading to strain 
hardening.  Consequently, an annealing process was employed in the forming 
steps to facilitate stress relaxation.  This reduces hardness / increasing ductility 
– thereby enhancing formability and reducing the chance of resultant cracks).  A 
typical resultant microstructure is shown in Figure 5.3 alongside the as-supplied 
material, showing large grains post-processing along with some residual twins 
from the cold drawing. 
 
Figure 5.3 Microstructure of Copper C101 before and after annealing. 
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5.2 Forward-ballistics experiments 
5.2.1 Residual velocity measurement 
As detailed in Section 3.2, forward ballistic tests were employed to investigate the 
influence of both the jacket and projectile hardness on residual velocity of 
projectiles following perforation of a target plate.  For these experiments, initial 
(post-muzzle) velocity was found to be relatively consistent and was measured 
as 741-794 m/s. Table 5.2 shows the measured residual velocity of projectile 
fragments after penetration for the experiments undertaken. The initial and 
residual velocities were measured using the PCC 2.7 (Phantom high-speed 
camera) software. Before velocity measurement, the system was calibrated by 
measuring the ruler’s scale along the projectile flight path (x-axis). The residual 
velocities were measured by calculating the distance and the time difference of 
projectile fragments after leaving the target between two captured frames. In the 
residual velocity measurement, there were two potential errors that affected the 
measurement results. First, fragments may have been moving into or away from 
the screen (moving in the z-axis). Second, the measurement error caused by the 
apparent displacement of the projectiles because of a change in the high-speed 
camera's point of view. This phenomenon is called parallax. It is likely that these 
potential errors may have resulted in a lower measured residual velocity. Further, 
as discussed in section 2.3, the forward ballistic result may not be as comparable 
as it could be due to the different KE of the un-jacketed and jacketed projectiles. 
From all of the results, only the jacketed projectile with hardness 42 and 52 HRC 
were not able to penetrate the target. Thus, there was no residual velocity 
measured.  
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 Table 5.2 Measured projectile fragments (residual) velocity. 
M2 HSS Steel 
Core Hardness 
(HRC) 
Residual velocity (m/s) 
Unjacketed projectile Jacketed Projectile 
Armox 5 mm Armox 9 mm Armox 5 mm Armox 9 mm 
42 
624 77 617 0 
614 147 611 0 
- 147 - 0 
52 
678 243 657 0 
697 274 678 0 
670 287 720 0 
62 
711 421 797 588 
736 446 721 553 
- 506 - 594 
 
 
Figure 5.4 illustrates the influence of both projectile hardness and the jacket on 
projectile interaction with 5-mm thick Armox Advance targets. Several key 
elements fall out of this plot which highlights average residual fragment velocity 
post-penetration for the various projectile configurations considered. 
 
As projectile hardness increases, residual velocity of fragments are also 
observed to increase.  For the un-jacketed projectiles moving from a core 
hardness of 42 to 62 HRC leads to an increase in residual velocity of ca 17% - 
with an even more marked increase of ca 24% for the jacketed case. The higher 
is residual velocity, the lower is energy loss. Energy loss is not considered due to 
the erosion of the projectiles.  Instead, we consider velocity drop either side of 
the target as an indicative measure of armour / projectile performance. This 
suggest two key things: (1) that (as might be expected) harder cores are more 
efficient at penetrating and; (2) that the jacket for the highest hardness cores 
considered clearly plays a role in maximising penetration efficiency (e.g. leading 
to a higher residual fragment velocity – although it’s worth noting that for lower 
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hardness systems the different in projectile performance due to presence of the 
jacket is likely statistically insignificant). 
 
 
Figure 5.4 Average residual velocity of the un-jacketed and the jacketed 
projectiles after penetrating 5-mm thick Armox Advance plate. 
 
As might be expected moving to a thicker target plate (9 rather than 5-mm 
thickness) led to a reduction in fragment residual velocity – as shown in Figure 
5.5. Importantly, however, a clear enhanced penetration efficiency was apparent 
not only as core hardness increased, but also particularly where a jacketed round 
was employed for the 62 HRC case. However, at lower hardness (42 and 52 
HRC), the presence of the copper jacket stopped the core’s penetration. 
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Figure 5.5 Average residual velocity of the un-jacketed and the jacketed 
projectiles after penetrating 9-mm thick Armox Advance plate. 
Overall, the enhanced performance of rounds in the 62 HRC case in both Figure 
5.4 and Figure 5.5 correlates with the fact that in these cases the projectile was 
harder – and therefore overmatched – the Armox plate with hardness 59 HRC 
(see Table 5.1).  Whereas, the un-jacketed cores whose hardness’s were lower 
than the Armox plate were more penetrative compared with the jacketed cores 
with the same hardness. While there is an argument that the jacket may be both 
cushioning and confining the core, the importance of projectile hardness 
suggests that a cushioning effect (e.g. protection of the harder core on impact) 
may be of particular importance. 
5.2.2 Recovered projectiles and targets 
Both projectiles and targets (in both cases either complete or fragments) were 
collected post experiments to help provide a more detailed explanation about the 
penetration mechanisms in operation as well as those governing both projectile 
and target failure. Figure 5.6 and Figure 5.7 show representative photos of similar 
rounds fired in forward ballistic experiments. 
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Both the (potentially fragmented) projectiles and the 5-mm Armox Advance 
targets, post experiments, are shown in figure 5.6. These refers to experiments 
1 to 12 in Table 5.3. All projectiles penetrated and perforated the targets. It was 
also observed that the un-jacketed projectile perforated the target either by 
plugging or adiabatic shear failure as indicated by red arrow in Figure 5.6. 
However, a different failure mechanism was observed in the jacketed projectile 
penetration. Interestingly, the jacketed projectiles created a bigger hole on the 
targets. For example, the 62 HRC un-jacketed projectile impact produced a hole 
with a peak width at the widest point of 22.97 mm; whereas the same hardness 
projectile covered with copper jacket resulted in a comparatively bigger 
penetration hole, with a maximum diameter of 37.89 mm. It is postulated that this 
difference – attributable to the presence of the copper jacket – arise due to the 
jacket’s ductile nature  which would have absorbed energy on impact via elastic 
/ -plastic deformation, protecting the core and also – potentially – pre-stressing 
(due to the high impedance of copper) the target plate.  
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Figure 5.6 Recovered fragments of projectiles and 5-mm target plates, (a) to (c) 
un-jacketed projectiles; (d) to (f) jacketed projectiles. 
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Figure 5.7 Recovered fragments of projectiles and 9-mm target plates, (a) to (c) 
un-jacketed projectiles; (d) to (f) jacketed projectiles. 
 
In contrast, the un-jacketed and the jacketed projectiles impacts onto 9-mm thick 
targets showed some different results.  In particular: 
1) The un-jacketed projectiles having 42 and 52 HRC hardness were able to 
break the target. This is illustrated in Figure 5.7 (a) and (b) which show 
that the projectile fractured the target with cracks radiating from the point 
of impact. This cracking appears to have been initiated by the projectile’s 
sharp tip impact before it eroded. 
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2) For jacketed projectiles having 42 and 52 HRC, different behaviour was 
noticed with no obvious damage or cracking of target plates. (see Figure 
5.7 (d) and (e)). In this case, the 42 and 52 HRC jacketed projectiles simply 
indented the target surface. It was observed that the indentation size and 
depth increased with the hardness. 
3) A similar penetration behaviour for jacketed and unjacketed impactors was 
apparent for the 62 HRC projectiles. The figure 5.7 (c) clearly shows that 
the 62 HRC un-jacketed projectile perforated the target by plugging but  
this damage to the target occurred without causing any additional fracture 
around the vicinity of perforation.  However, jacketed round 
catastrophically defeated  the target as shown in Figure 5.7 (f). 
 
 
Figure 5.8 Spall plane on the Armox Advance target plate after penetration by 
the 62 HRC jacketed projectile. 
The penetration of the 62 HRC jacketed projectile on the target also resulted in 
spall planes as shown in Figure 5.8. These spall planes were caused by reflected 
wave collisions within the target. The shock wave reflected back and propagated 
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within the steel core-copper jacket body and target plate. This reflected wave then 
generated a spall failure when the reflected wave from the rear surface of 
projectile and target collide (3, 57).  
A summary of the complete set of forward ballistic experiments conducted is 
presented in Table 5.3.  These results provide further insight into the penetration 
behaviour of the un-jacketed and the jacketed projectiles on the 5-mm and 9-mm 
targets discussed above / shown in Figure 5.6 to Figure 5.8. 
Table 5.3 Forward ballistic result for all projectile and targets. 
No Experiments a 
Target failure Core’s Hardness > 
Armox’s Hardness Fragmented Perforated Indented 
1 42 UJ - A5  √ √ - No 
2 42 J - A5  √ √ - No 
3 52 UJ - A5  √ √ - No 
4 52 J - A5  √ √ - No 
5 62 UJ - A5  √ √ - Yes 
6 62 J - A5  √ √ - Yes 
7 42 UJ - A9  √ √ - No 
8 42 J - A9  - - √ No 
9 52 UJ - A9  √ √ - No 
10 52 J - A9  - - √ No 
11 62 UJ - A9  - √ - Yes 
12 62 J - A9  √ √ - Yes 
a UJ = un-jacketed projectile; J = jacketed projectile; 42, 52, 62 = projectile 
hardness; A5 = Armox Advance 5-mm thick; A9 = Armox Advance 9-mm thick. 
Overall from Table 5.3, as well as the residual velocity data presented in Figure 
5.4, it is apparent that in the 5-mm target case for penetration by both jacketed 
and unjacketed projectiles, that an increase in hardness and / or the presence of 
the copper jacket has minimal effect for the lower two hardness values 
considered.  As discussed in previous section there is some effect / different in 
performance at 62 HRC – however this is relatively minimal. 
 83 
 
On the other hand, in the 9-mm target penetration by the projectiles, it is 
immediately apparent from both Table 5.3 and Figure 5.5 that projectiles need to 
be harder to perforate the target. When the projectiles hardness is higher than 
the target hardness, the copper jacket leads to extra damage upon impact. Whilst, 
when the target is harder than the projectiles the use of an un-jacketed projectile 
is observed to result in the target becoming fragmented. In contrast, under 
otherwise identical impact conditions, the use of a jacketed projectile results in 
indentation on the target surface without any fragmentation. 
In addition to visual analysis of impacted targets, the recovered projectile 
fragment lengths were also measured with the aim of investigating the effect of 
hardness and the presence (or otherwise) of the copper jacket on the (projectile) 
core. Figure 5.9 shows the total length of cores which were recovered intact after 
impacting the various target plates. Considering the un-jacketed and jacketed 
cases separately: 
 Un-jacketed case: as shown in Figure 5.9, the intact core length of the 
un-jacketed core increased from 30.69 mm for the softest core to 36.14 
mm at the 52 HRC condition and then decreased again to 32.07 mm for 
62 HRC condition.  Overall, it is apparent that the projectile hardness was 
having relatively little effect on core erosion when a jacket was not present.  
This therefore implies that another phenomenon – e.g. shattering / 
spallation of the core – may have been dominant. 
 Jacketed case: in contrast to the un-jacketed case, a small but consistent 
increase in intact (recovered) core length with projectile hardness is 
apparent in Figure 5.9.  This, in line with the discussion following Figure 
5.4 and Figure 5.5, appears to suggest enhanced protection of the core by 
the jacket leading to increased penetration at higher velocities as core 
erosion is reduced (e.g. Figure 5.9). 
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Figure 5.9 Recovered projectiles (un-jacketed and jacketed) after impacting the 
5-mm thick Armox Advance target plate. 
 
In contrast to the results for the 5-mm thick Armox Advance plate in Figure 5.9, 
for the 9-mm thick case, as shown in Figure 5.10, a lot more variability is 
apparent.  While the presence of a jacket again appears to enhance ballistic 
response of the projectiles (e.g. longer intact cores are recovered) having  42 and 
52 HRC, this was not reflected in the higher (62 HRC) hardness projectiles.  The 
response of un-jacketed projectiles suggest that the higher thickness of steel 
target is now dominating ballistic behaviour and masking the contribution of the 
core hardness and jacket that was much clearer in the case of 5-mm thick plate 
as shown in Figure 5.9. 
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Figure 5.10 Recovered projectiles (un-jacketed and jacketed) after impacting 
the 9-mm thick Armox Advance target plate. 
 
In line with the variation in data highlighted above in Figure 5.10, it is worth noting 
that in the forward ballistic experiments it was more difficult to collect all the 
projectile fragments, which were formed following the perforation event.  
Essentially, enhanced physical separation of the target and fragment collecting 
area in this forward ballistic test configuration (as opposed to the more compact 
reverse ballistic tests) meant that the projectile elements leaving the target often 
impacted either the target tank / tunnel frame or target supports. This resulted in 
further particulation and consequently smaller proportion of fragments were 
recoverable when compared to the projectile fragments observed in the 
associated high-speed camera footage. As an example of this phenomenon, 
Figure 5.11 shows the difference in fragment scale for a 62 HRC jacketed core 
observed perforating a 9-mm thick plate using a high-speed camera compared to 
the physically recovered fragments collected after the shot.   
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Figure 5.11 The 62 HRC jacketed core fragments observed in high-speed 
camera and collected post experiment. 
Usefully, reverse ballistic experiments did not encounter the same experimental 
challenges detailed above.  To this end, further observation of the effect of both 
the presence of a copper jacket and projectile hardness on penetration 
mechanism and projectile fragments formation / behaviour were made by 
conducting reverse ballistic tests. The reverse ballistic test also eliminated the 
projectile’s yaw and ensured that impact occurs at a precise spatial point. 
 
5.3 Reverse-ballistics experiments 
5.3.1 En8 steel cores 
5.3.1.1 X-Ray images 
In order to provide further information with regards to the influence of the bullet 
jacket on penetration a series of four reverse ballistic experiments were carried 
out for the En8 steel cores bullets.  The En8 steel cores were applied as initial 
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experiments before M2 steel cores test in three-hardness condition. These 
employed a standard En8 core of nominally 26  2 g both with and without a 
crimped copper jacket (adhered in line with the approach detailed previously in 
Section 2.1) as required.  This reverse ballistic test used 1 sample for each 
characteristic compared to forward ballistic which used 2 to 3 samples. Key 
experimental data for these tests is presented in Table 5.4. 
Table 5.4 Key experimental data. 
Exp. no. 
Thickness of 
impactor (mm) 
Impact velocity 
(m/s) 
Jacket present 
1 5.02 763 No 
2 5.01 763 Yes 
3 9.06 733 No 
4 9.06 733 Yes 
 
As detailed in Section 3.3 / Figure 3.4, flash X-rays were captured for all 
experiments.  These are presented, with the time-base normalised nominally to 
the point of impact, for the 5-mm thick impactor case in Figure 5.12.  Both un-
jacketed and jacketed cores penetrated 5-mm thick Armox Advance perfectly.  
However, X-ray images at 10 s show different behaviour for the core during 
penetration.  A red-circled area in Figure 5.12 (a) shows that the unjacketed core 
started to erode at this point, with debris visible along the surface of the impactor.  
This behaviour is attributed to the lower hardness of the core as opposed to the 
Armox Advance plate.  In contrast, the copper jacket present for the core in Figure 
5.12 (b) appears to provide enhanced protection.  Essentially, the presence of 
this jacket appears to protect the core’s tip from damage and let the core continue 
to penetrate the plate beyond a comparable point post-impact for the case where 
no jacket was included.  This behaviour is highlighted in the blue-dashed-circled 
area in Figure 5.12 (b); further, comparing Figures 5.12 (a) and (b) at 30 s, it is 
immediately apparent that more damage has been done to the impactor plate in 
the jacketed case in Figure 5.12 (b).  Overall, both cores penetrated the 5-mm 
plates and led to the formation of a number of both core and impactor fragments. 
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(a) un-jacketed core – exp. no. 1 (b) jacketed core – exp. no. 2 
Figure 5.12 Flash X-rays showing impact of a 5-mm thick Armox Advance steel 
plate onto pre-positioned En8 steel AP cores (experiments no. 1 and 2 from 
Table 2). 
As shown in Figure 5.13, the use of 9-mm rather than 5-mm thick impactors led 
to an even clearer picture of the cores behaviour during impact as the greater 
thickness enhanced the interaction time / also allowed the impactor to avoid 
catastrophic failure. 
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(a) un-jacketed core – exp. no. 3 (b) jacketed core – exp. no. 4. 
Figure 5.13 Flash X-rays showing impact of a 9-mm thick Armox Advance steel 
plate onto pre-positioned AP cores (experiments no. 3 and 4 from Table 5.4). 
 
From red-circled area in Figure 5.13 it is apparent that the un-jacketed core’s 
failure started at nominally 10 s after impact with some radial flow of the core 
visible; whereas in the jacketed case in Figure 5.13 (b), copper jacket deformation 
occurs before the core impacts the plate – evidenced by a conical interaction 
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zone between the jacket and impactor plate at this point highlighted by blue-
dashed-circled area.  Further contact with the impactor plate for the un-jacketed 
case results in continued failure of the core.  This is illustrated by the flow of 
fragments around the point of impact / the corresponding red-circled area at 20 
and 30 s in Figure 5.13 (a) which show that the impact generates a large number 
of small core fragments.  In comparison, the red-circled area at 20 s in Figure 
5.13 (b) indicates that the jacketed core shows relatively little damage with only 
copper jacket ‘splash’ on the 9-mm thick impactor plate surface observable.  
Furthermore, it is apparent that the jacketed core only begins to flow on the 
surface of the ‘impactor’ at around 30 s.  Comparing Figure 5.13 (a) and (b), it 
is clear that at this 30 s mark the presence of a copper jacket leads to a much 
finer (both in size and dispersion) degree of eroded material moving radially away 
from the point of impact.  This behaviour, indicative of a more efficient 
penetration, is in line with the observations made at a similar time post-impact for 
the 5-mm plate impact shown in Figure 5.12. 
Overall, for the En8 steel-based bullets the copper jacket appears to give an 
intrinsic protection to the core – via a combination of confinement and cushioning 
(with the ductile copper preventing excessive loading on impact) such that the 
(shielded) core remains intact for longer than in the unjacketed case.  
Consequently, the core in the jacketed case has a higher energy density on 
impact and a greater penetrability. 
5.3.1.2 Recovered projectiles and target plates fragments 
 
As detailed in the section presented above, reverse ballistic testing resulted in 
clear (X-ray) images of both (stationary) ‘projectile’ and ‘impactor’ (accelerated 
target) behaviour during the impact / penetration process.  To provide further 
insight into the influence of the copper jacket effect on penetration, both impactors 
and the associated cores were also recovery and investigated after each 
experiment.  Figure 5.14 shows the recovered core and impactor fragments for 
the 5-mm thick Armox Advance plate cases from Table 5.4, with material for the 
corresponding 9-mm thick impactor cases shown in Figure 5.15. 
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Figure 5.14 Recovered impactors (5-mm thick Armox Advance) and En8 steel 
cores: (a) and (b) un-jacketed core shots and; (c) and (d) jacketed core shots 
from Table 5.4. 
 
  
(a) Un-jacketed core (b) Jacketed core 
Figure 5.15.  Impactors (9-mm thick Armox Advance) and En8 steel cores after 
impact (Table 5.4). 
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Based on the recovered material shown in Figures 5.14 and 5.15, Table 5.5 
presents reduced data illustrating the quantity and size of recovered fragments / 
core material.  Based on this information a number of observations can be made: 
 
1) For the 5-mm core case the jacketed En8 steel core and plate impacts 
resulted in more fragments compared with the unjacketed case (10 
fragments above 0.8 grams versus 7 fragments respectively). 
2) As shown in Figure 5.15, both the unjacketed and jacketed En8 steel core 
were not able to perforate the 9-mm thick Armox Advance impactors.  
However, from the impactor plate’s surface, it is apparent that the jacketed 
core’s impact created a bigger crater than for the unjacketed case. 
3) In terms of recovered core length, for both impactor plate thicknesses, the 
presence of a jacket reduced the degree of projectile erosion (thereby 
enhancing penetrability). Interestingly, for both impactor plate thicknesses, 
the jacket appeared to reduce core erosion by around 2.5% (overall 
erosion was, unsurprisingly, greater for the thicker 9 mm plates).  This 
appears to tentatively suggest a quantitative bound on the contribution of 
the jacket under these conditions to core protection / penetration. 
 
Table 5.5. Steel core (initial length 55.31 mm) and impactor recovery after impact. 
Experimen
t no. (see 
Table 2) 
Thickness 
of 
impactor 
(mm) 
Jacket 
present 
No. of 
impactor 
fragments 
 (> 0.8 g) 
Remaining 
core 
length 
(mm) 
Percentage 
reduction in 
core length 
(%) 
1 5.02 No 7 45.50 17.74 
2 5.01 Yes 10 46.90 15.21 
3 9.06 No - intact - 27.64 50.03 
4 9.06 Yes - intact - 28.96 47.64 
 
 
A consistent trend in the results of jacketed and unjacketed En8 steel core 
impacts can be observed in the reverse ballistic shots for both 5 and 9 mm 
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impactors.  Essentially, for both impactor thicknesses considered the lack of a 
jacket led to enhanced erosion / reduction in recovered core length.  This is 
consistent with the observations from the captured flash X-rays as well as the 
results from the forwards ballistic experiments discussed previously in Section 
5.2. 
 
5.3.2 M2 Steel cores 
As detailed previously in Section 2.1 high-speed molybdenum-based steel (M2) 
was also investigated as a potential core material via reverse ballistic testing. The 
aim of these experiments was to assess the influence of projectile hardness on 
performance against high hardness steel armour (Armox Advance). Whereas the 
results presented in Section 5.3.1, detailed the influence of the jacket on as-
manufactured / supplied En8 steel cores, which are a medium carbon steel, here 
three different core hardness values were employed.  In addition, in-line with its 
importance, these experiments were also designed to provide additional 
reinforcement of the previous findings with regards to the influence of the copper 
jacket on projectile / target interaction. 
 
5.3.2.1 X-Ray images 
A series of twelve reverse ballistic experiments were carried out using M2 high 
speed steel core with and without a crimped copper jacket. The same method 
explained in section 3.3 was employed in these shots. For each shot, four X-Ray 
images were captured. Table 5.6 highlights key experimental data for these tests 
– with dashed lines delaminating the different core hardness’s employed. 
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Table 5.6 Key experimental data. 
Exp. 
no. 
Thickness of 
impactor (mm) 
Projectile 
hardness (HRC) 
Impact 
velocity (m/s) 
Jacket 
present 
1 5.01 42 778 No 
2 5.01 42 763 Yes 
3 5.00 52 778 No 
4 5.00 52 778 Yes 
5 5.00 62 763 No 
6 5.00 62 763 Yes 
7 9.06 42 763 No 
8 9.06 42 718 Yes 
9 9.07 52 747 No 
10 9.06 52 747 Yes 
11 9.04 62 763 No 
12 9.07 62 763 Yes 
 
For the experiments detailed in Table 5.6 both the un-jacketed and jacketed 
projectile were able to fully penetrate (perforate) the 5-mm thick Armox Advance 
plate in all cases. However, for the 9-mm thick targets only the un-jacketed and 
jacketed projectile with a hardness of 62 HRC were able to perforate the impactor 
/ target. The other projectiles only indented the target surface and were eroded. 
It is clear that the un-jacketed and jacketed projectiles need to be harder to be 
able to penetrate the targets. Figure 5.16 (a) shows flash X-ray images of an M2 
steel 42 HRC projectile impacting a 5-mm thick target in 10 s intervals. From 
those pictures it can be observed that the head of the un-jacketed projectile was 
largely eroded before failure of the 5-mm impactor.  Whereas for the 
corresponding jacketed projectile case in Figure 5.16 (b), less debris is observed 
and as clearly shown at 30 s the core largely survived the penetration process. 
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      (a) un-jacketed core – exp. no. 1     (b) jacketed core – exp. no. 2 
Figure 5.16 Flash X-rays showing impact of a 5-mm thick Armox Advance steel 
plate onto M2 steel core 42 HRC (experiments no. 1 and 2 from Table 5.6). 
 96 
From these experiments the importance of the copper jacket is again highlighted. 
Interestingly, moving to an impactor plate thickness of 9 rather than 5 mm gave 
a significant difference in penetration performance. It was noted that the un-
jacketed and jacketed rounds with hardness of 42 HRC were not able to penetrate 
the 9-mm target as shown in Figure 5.17 (a) and (b) – although again less erosion 
(surface ‘splash’) was apparent where a jacket was present.  Given that there is 
a difference in behaviour even when the hardness of the core is relatively low this 
suggests that an element of this enhanced performance may be attributable to 
steel core confinement as well as the cushioning effect – e.g. that the jacket acts 
to reduce radial expansion during the impact event, confining the core and 
enhancing its ability to penetrate the target. 
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(a) un-jacketed core – exp. no. 7       (b) jacketed core – exp. no. 8 
Figure 5.17 Flash X-rays showing impact of a 9-mm thick Armox Advance steel 
plate onto M2 steel core 42 HRC (experiments no. 7 and 8 from Table 5.6). 
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The same basic penetration behaviour noted for the 42 HRC case was observed 
for the M2 steel projectiles with hardness’s of 52 HRC. Figures 5.18 (a) and (b) 
show how the un-jacketed and the jacketed projectile penetrated the 5-mm thick 
impactor. Both projectiles tips were eroded  during penetration, but again it was 
notable that the jacketed projectile exhibited less erosion because of the 
presence of the copper jacket protection. In turn, Figure 5.19 presents the flash 
X-rays captured during the corresponding (52 HRC) 9-mm thick impactor 
experiment. .  In this case the 9-mm target had an average measured hardness 
of 59 HRC meaning that the ‘target’ still over-matched the projectiles.  However, 
it can be observed from Figure 5.19 that the impact of this steel core resulted in 
less material fragments spreading on the target surface compared 5-mm target 
impact. 
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         (a) un-jacketed core – exp. no. 3       (b) jacketed core – exp. no. 4 
Figure 5.18 Flash X-rays showing impact of a 5-mm thick Armox Advance steel 
plate onto M2 steel core 52 HRC (experiments no. 3 and 4 from Table 5.4). 
 100 
 
         (a) un-jacketed core – exp. no. 9       (b) jacketed core – exp. no. 10 
Figure 5.19 Flash X-rays showing impact of a 9-mm thick Armox Advance steel 
plate onto M2 steel core 52 HRC (experiments no. 9 and 10 from Table 5.4). 
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In contrast to the 42 and 52 HRC projectile experiments, use of the highest steel 
hardness – 62 HRC – led to a catastrophic failure of the targets during the 
penetration process. Both the un-jacketed and jacketed projectiles penetrated the 
target steel with 5 and 9 mm in thickness (Figure 5.20 and Figure 5.21 
respectively). The un-jacketed projectile penetration mechanism on the 5-mm 
thick impactor plate is described by X-Ray images in Figure 5.20 (a), with the 
corresponding jacketed projectile penetration event illustrated in Figure 5.20 (b). 
At the moment of impact, the un-jacketed projectile eroded the impactor surface 
because of its higher hardness characteristic.  Following this, at 20 and 30 s 
after the first impact, the penetrator had passed through the 5-mm thick plate and 
had a broken tip. A different result was generated by the jacketed projectile 
penetration. The copper jacket appeared to cause initial damage to the impactor 
while also confining and protecting the core (which appears from Figure 5.20 (b) 
to have remained in one piece). Figure 5.20 (b) then illustrates at 20 and 30 s 
complete penetration of the jacketed projectile without any tip erosion, although 
some core plastic deformation from the penetration process is apparent.  
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         (a) un-jacketed core – exp. no. 5       (b) jacketed core – exp. no. 6 
Figure 5.20 Flash X-rays showing impact of a 5-mm thick Armox Advance steel 
plate onto M2 steel core 62 HRC (experiments no. 5 and 6 from Table 5.4). 
 
 103 
Increasing the target thickness to 9-mm did not prevent the 62 HRC steel core 
from penetrating the plate. Figures 5.21 (a) and (b) describe the penetration of 
the un-jacketed and the jacketed projectile on the 9-mm Armox Advance plate 
respectively. A consistent behaviour was observed during penetration. Again, it 
was noted – as in the 5-mm thick impactor case in Figure 5.20 (a) – that the 
presence of the copper jacket appeared to initiate a degree of ‘pre-damage’ as 
well as confining the core. To provide further insight into the penetration 
behaviour of all types of projectile impact on both 5 and 9-mm thick Armox 
Advance plate, the projectiles and the impactor plate were recovered after the 
tests and further analysed. 
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         (a) un-jacketed core – exp. no. 11       (b) jacketed core – exp. no. 12 
Figure 5.21 Flash X-rays showing impact of a 9-mm thick Armox Advance steel 
plate onto M2 steel core 52 HRC (experiments no. 11 and 12 from Table 5.4). 
 105 
5.3.2.2 Recovered projectiles and target plates fragments 
As with the forward ballistic experiments (Section 5.2), projectile and impactor 
fragments were collected after each test to provide further insight into the 
influence of both (M2 steel) core hardness and the presence (or lack thereof) of 
the copper jacket. In this reverse ballistic test, 50-mm diameter Armox plates with 
thickness 5 and 9-mm were employed as impactors. These impactor plates were 
smaller compared to forward ballistic targets which were 150 mm x 150 mm. A 
smaller edge to edge distance in the 50-mm diameter plate minimised plate 
stretching and bending during penetration. While, in 150 mm x 150 mm plates, 
stretching and bending occurred upon impact due to projectile pressure. Those 
resulted in an additional cracking damage during penetration. 
Figure 5.22 shows the projectiles and impactor debris recovered from the 5-mm 
impactor reverse ballistics experiments. As detailed in the preceding section, 
projectiles with hardness’s of 42, 52 and 62 HRC were all able to penetrate 5-mm 
thick Armox Advance plate. Of particular note is the fact that the 5 mm plate 
fragments in the un-jacketed projectile experiments in Figure 5.22 appear to be 
generally larger than those for generated by jacketed projectile impact (e.g. for 
the 62 HRC projectile case there are just 4 large fragments for the un-jacketed 
case versus ca 11 for the jacketed case).  This is consistent with the concept of 
the jacket enhancing penetration – with the lower number of ‘target’ fragments in 
the un-jacketed case suggesting that energy has been coupled back into the 
projectile, disrupting / reducing its ability to penetrate – rather than into target 
defeat. 
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Figure 5.22 Recovered fragments of projectiles and 5-mm impactors, (a-c) un-
jacketed projectiles; (d-f) jacketed projectiles. 
In was also observed – as touched on in discussion of previous experiments – 
that the copper jacket appeared to protect the core from direct damage.  This was 
reflected in a higher overall length of recovered core material post-shot.  This 
effect is highlighted Figures 5.23 and 5.24 which show total recovered core length 
for the un-jacketed and jacketed cases against 5-mm thick Armox Advance plates 
(following reverse ballistic testing) respectively. 
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Figure 5.23 Recovered projectiles (42, 52, 62 HRC) of un-jacketed projectile 
after being impacted by 5-mm thick Armox plates. 
 
 
Figure 5.24 Recovered projectiles (42, 52, 62 HRC) of jacketed projectile after 
being impacted by 5-mm thick Armox plates. 
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However, it was interesting to note that the presence of the copper jacket 
consistently led the projectile to be broken after leaving the plate.  This is reflected 
in Figure 5.24 where in each case lengths of key individual fragments recovered 
along with the total length of large coherent core segments recovered are plotted 
(this was also the case for the highest hardness un-jacketed case in Figure 5.23). 
Essentially, the presence of the copper jacket with its high density / impedance 
will have led to generation of a higher pressure during the impact than in the 
corresponding un-jacketed case.  This higher-pressure wave would have then 
reverberated leading to spallation of the core.  This behaviour is particularly 
interesting, however, as it clearly indicates that confinement is playing a part 
during the penetration process – e.g. that the projectile despite this higher initial 
loading when a jacket is present only fails once confinement is relieved (e.g. on 
exit from the target – at which point, as illustrated clearly in Figure 5.20 (a).  this 
conclusion is backed by the fact that only the highest hardness (62 HRC) un-
jacketed projectile was found broken; in this case presumably because of 
enhanced brittleness (the harder the material, the more brittle it is) leading to 
increased susceptibility to failure following tensile release post-impact. 
 
In both the un-jacketed and the jacketed projectile experiments, hardness 
condition played an important role in core intact length after penetration. 
Increasing hardness values consistently led to a larger recovered core length.  
Overall, over-match is also clearly important; e.g. the projectiles with hardness of 
42 and 52 HRC were eroded by the Armox Advance plate before complete 
penetration, whereas for the 62 HRC projectile the target plate’s strength was 
overcome and the target was rapidly penetrated. These phenomena were clearly 
described by the X-ray images presented previously and are supported by the 
analysis of recovered experimental (projectile and impactor / target) material 
discussed here. 
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Finally, this behaviour was reinforced with reverse ballistic experiments with a 9-
mm thick Armox Advance impactors.  As illustrated in Figure 5.25, overall no 
significant penetration occurred in either the jacketed or un-jacketed for hardness 
values of 42 and 52 HRC.  Although for the un-jacketed case the projectile 
fractured into two distinct parts, consistent with a higher projectile loading 
experienced due to the lack of a cushioning jacket.  However, for the 62 HRC 
hardness, the projectiles overmatched the target and resulted in target defeat.  
For both jacketed and un-jacketed cases, the projectiles were significantly 
fragmented – although this appears to have occurred after penetration.  On both 
cases, impactor material appears to have plugged / sheared ahead of the 
projectile.  However, while for the un-jacketed case the impactor plate was broken 
into just three distinct parts, for the jacketed projectile the impactor plate was 
entirely fragmented.  This clearly shows enhanced coupling of energy into the 
target.  Interestingly, the cushioning effect of the jacket is also reflected in the 
presence of copper jacket material on the surface of the impactor plate fragments 
in Figure 5.25 (f) – showing that the jacket flowed over the surface on impact, 
protecting the core from an impulsive loading that might have shattered it 
prematurely.  This allowed the projectile to be guided intact into the impactor 
plate, imparting more KE and ultimately leading to the observed enhanced 
fragmentation / comminution compared to the corresponding un-jacketed case in 
Figure 5.25 (c) / illustrated in Figure 5.26 which details the dimensions of revered 
core material for these 9-mm thick impactors / targets. 
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Figure 5.25 Recovered fragments of projectiles and 9-mm impactors, (a-c) un-
jacketed projectiles; (d-f) jacketed projectiles. 
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Figure 5.26 Recovered projectiles (42, 52, 62 HRC) of un-jacketed and 
jacketed projectile after being impacted by 9-mm thick Armox. 
 
Forward and reverse ballistic experiments showed comparable results and 
highlighted the importance of both core hardness and the presence of copper 
jacket for penetration into Armox Advance plate.  Essentially, harder cores had a 
better penetration performance while the copper jacket appears to pre-damage 
the target and, protects / cushions the cores from direct contact with the target 
surface. However, those experiments did not fully elucidate the nature and extent 
of energy transfer during the impact event.  To this end, further observation of 
shock wave propagation in both the projectiles and the targets during the impact 
event were made by conducting pressure gauge experiment – something 
supported by numerical modelling.  
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5.4 Pressure gauge experiments 
In addition to the ballistic experiments as discussed in section 5.2 and 5.3, a 
series of pressure gauge experiments were also conducted in order to investigate 
details of the impact conditions with / without jackets. A pair of target sets were 
tested by using the un-jacketed and jacketed projectile. There was a kinetic 
energy discrepancy between the un-jacketed and jacketed projectile due to mass 
difference as discussed in section 2.3. Resultant data for these experiments – 
following the setup detailed Figure 3.7 – are set out in Table 5.7 which shows 
projectile impact velocity, pressure measured in the PMMA backing, as well as 
details of target and projectile recovery.  
Table 5.7 Pressure gauge experiments results. 
Parameters Unjacketed core Jacketed core 
Projectile velocity (m/s) 641.03 641.03 
Pressure measured (GPa) 0.136 0.185 
Al 7075 target fragments 4 fragments, 1 big crack 5 fragments, 3 layers 
of spalling planes 
En8 Steel core fragments 1 core intact with eroded tip 2 fragments 
 
A typical pair of gauge traces recorded in the PMMA backing behind the targeted 
Armox plates are presented in Figure 5.27.  Both un-jacketed and jacketed 
projectiles have a similar curve pattern. On impact a shock caused by projectile 
impact results in a rapid rise of to a pressure peak. The jacketed core projectile 
impact leads to a higher-pressure rise (b) compared to the pressure measured 
after un-jacketed core impact (c). This likely reflects the cushioning effect of the 
core touched on previously.  The initial shocks decay back because the incoming 
shocks are reduced by reflected wave that propagates back into the projectile. 
The higher the initial stress, the higher the amplitude of the reflected wave. This 
behaviour is in agreement with the subsequent pressure decrease in the jacketed 
core impact (d) which exceeds that of the unjacketed core (c). The shock wave 
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continue to propagate within the target (e) as long as it does not surpass the 
material strength. 
 
 
Figure 5.27 Pressure gauge traces of the jacketed and unjacketed 12.7 mm 
En8 steel cores. 
 
As discussed in section 1.3.6, when an initial compressive wave travels through 
projectile into target which is assumed to be a higher impedance material, a 
compressive wave is transmitted to the target and a compressive reflection wave 
is reflected back into projectile. If the reflected or transmitted stress wave 
surpasses the yield strength of the material, the material will experience plastic 
deformation for ductile materials and fast fracture for brittle materials. 
Overall, from these traces – consistent with the findings from the forward and 
reverse ballistic impact experiments discussed previously – it is apparent that the 
copper jacket protecting the core has a significant effect on the impact of the 
projectile. The copper jacket appears to provide initial damage to the target 
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surface and, simultaneously, absorbs the shock wave reflected by the targeted 
Aluminium plate back into the projectile. The copper protection therefore allows 
the steel core to penetrate with a better performance. In contrast, the un-jacketed 
core projectile was damaged at the moment of impact with the target and a 
reflected shock wave was directly transferred within both the projectile and the 
impacted steel material. Analysis of recovered core material suggests that this 
exceeded the dynamic tensile strength of the core leading to spallation as shown 
in Figure 5.28. 
 
(a) Recovered En8 steel cores (b) Al target’s fragments 
Figure 5.28 Projectile and Al 7075 fragments. 
 
As touched on above, Figure 5.28 shows evidence of spall in the shocked un-
jacketed projectile (a) and both Al 7075 plates (b).  Such dynamic tensile failure 
arises due to the release of compressive loading following impact and 
subsequent tensile failure.  This spall behaviour also occurred in the Al target; a 
total of five-Al fragments were recovered and those fragments showed that the 
Al targets penetrated by the jacketed core had typically three-spall planes (e.g. 
energy was successfully coupled into the target) – whereas that for the un-
jacketed round had just one (indicative of inefficient energy transfer into the target 
/ consistent with the premature core failure detailed in Figure 5.28 (a). 
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5.5 Numerical simulation 
A series of numerical simulation were performed using the projectile with the best 
penetration performance based on experimental results that was that with a 
hardness of 62 HRC. This research focused on the copper jacket effect on the 
penetration mechanism of the M2 steel core into Armox Advance target plates. 
Both un-jacketed and jacketed projectiles were employed in the simulation 
according to procedure explained in Section 4. The projectiles were modelled by 
using Solidworks software and exported as a *.STEP file before being applied as 
a 3D model in ANSYS Explicit Dynamic. All engineering data assignment, 
meshing as well as analysis and initial condition setting were done in ANSYS 
Explicit Dynamic. The initial velocity in x-axis direction of projectile was 750 m/s. 
The following steps, control-output setting; simulation running; and post analysis, 
were conducted in ANSYS Autodyn®. The residual velocity of fragments were 
obtained from the velocity of the intact core after leaving the target in the post 
simulation result display in ANSYS Autodyn®. 
 
5.5.1 Mesh sensitivity study 
In this simulation work, modelling was done by using different mesh size to 
observe the effect of mesh size on the residual velocity of projectiles. Mesh sizes 
employed to this study were consistent across the different model / system 
components (core, jacket and target plate) for a given simulation and were 0.6, 
0.7, 0.8, 0.9 and 1.0 mm. Figure 5.29 describes the resultant simulated fragment 
velocity of un-jacketed and jacketed projectiles for the different mesh sizes 
considered versus experimental results. 
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Figure 5.29 Average velocity of fragments in simulation compared to 
experimental results. 
Different mesh sizes between 0.6 and 1.0 mm were applied in un-jacketed core 
simulations of impacts on to 9-mm targets.  According to Figure 5.29, the 
fragment velocity of the projectile after leaving the target plate was consistently 
comparable that measured experimentally. Using the 1.0 mm mesh size in 
simulation resulted in a fragment velocity 428 m/s – just 22 m/s below the 
experimental value.  Overall, mesh sizes of 0.9, 0.8 and 0.7 mm gave a stable 
fragment velocity magnitude – however the smallest mesh size of 0.6 mm, 
increased simulated fragment velocity to a more un-realistic 495 m/s.  
Simulation of the behaviour of the jacketed projectile using the same mesh size 
variation generated higher fragment velocities compared to the un-jacketed case. 
This result was in good agreement with experimental results. A mesh size 
between 0.8 and 1.0 mm showed a relatively constant result, while decreasing 
mesh size to 0.7 increased the velocity close to the experimental value.  
From the result above, it was observed that simulation work using mesh sizes 
between 0.7 and 1.0 mm produced good data which corresponded well to 
experimental results. However, the 0.7 mm mesh size give the best overall match 
to experimental data and was consequently adopted. 
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5.5.2 Numerical simulation result 
In this study, the simulations were conducted in ANSYS Autodyn® using three-
dimensional models with parts imported from Solidworks and settings performed 
in ANSYS Explicit Dynamics respectively. Model configurations were selected to 
reflect the fact that this study is designed to evaluate both the penetration 
mechanisms underpinning un-jacketed steel core penetration on high hardness 
armour steel as well as the influence of a ductile copper jacket on penetration.  
To this end, for each projectile (un-jacketed and jacketed), simulation results have 
been compared with corresponding experimental result as well as with each 
other.  
A mesh-based Lagrangian formulation was employed for these simulations 
because it has a low computational cost and accommodates complex material 
model variety (53). However, it was observed that the Lagrangian method was 
very sensitive to mesh distortion which results in time step drop, an increase in 
simulation time and simulation error. This problem was solved by applying 
erosion criteria for all the materials. In this study, the point at which material 
erosion of the steel core and Armox Advance plate occurred was defined as that 
at which they reached their maximum principal stress. In concert, for the copper 
jacket, erosion was set to depend on geometrical strain with a maximal value of 
1.5 (70). 
The projectile core and copper jacket have complex geometries and are not 
sweep-able body. Consequently, tetrahedron elements were applied to these 
parts to prevent very small elements being generated which would have led to 
long simulation run times and simulation errors.  Further, use of such elements   
presents a good three-dimensional geometry with an ogive shape and a lot of 
edges. The Armox Advance plate which dimension was 150 mm x 150 mm x 9 
mm was modelled using hexahedron elements because its sweep-able body and 
it also undergoes large deformation during the penetration. All of the parts 
geometries were similar to those employed in the forward ballistics test but the 
models were sliced to be a half symmetry model to save computational time. The 
Armox Advance plate was divided to circular part, 47 mm in diameter, and 
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remaining part. A smaller hexahedron meshing was applied to the circular plate 
to accommodate more accurate modelling during penetration. Whereas, another 
part had a larger elements to reduce the number of elements and nodes. 
The target was modelled as a plate clamped on both the top and bottom edges – 
consistent with the experimental setup (see Figure 3.2), while the impact velocity 
was set at 750 m/s. This value was the estimated velocity of 12.7 mm armour 
piercing projectiles at 500 m from the weapon muzzle; e.g. the models would 
therefore theoretically represent the penetration behaviour of the steel cores in 
question after leaving the barrel and hitting the target at a distance of 500 m. 
Figure 5.30 shows the numerical simulation of projectiles impact into Armox 
Advance  plate 9-mm thick. In 10 s after the first contact between projectiles and 
target plates, it can be observed that both un-jacketed and jacketed projectile 
damage the target surface but in different mechanism. The unjacketed core which 
has a sharp tip penetrate the target with a very high loading. Because of its small 
surface area, it is observed to produce high pressure at / within the target. 
However, this tip tend to be eroded upon impact even though the projectile 
hardness was higher than that of the target hardness. The eroded elements of 
steel core were retained and had a contribution to subsequent plate damage. In 
Figure 5.30 (a), the eroded elements of the steel core and the intact remaining 
core material penetrated the target plate perfectly at 47 s.  By the following time 
step, the eroded elements of the steel core spread out behind of the target plate. 
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(a) Un-jacketed M2 steel core (b) Jacketed M2 steel core  
Figure 5.30 Numerical simulation result of projectiles impact into Armox 
Advance plate 9-mm thick. 
A different mechanism occurred in terms of the jacketed projectile penetration, 
however. Figure 5.30 (b) illustrates that at 11 s the copper jacket experienced a 
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deformation which result in a wider contact area during the impact. This copper 
jacket plays a role in ensuring confinement of the steel core until it is able to 
penetrate into the target which point it will be confined by the surrounding target 
material. Interestingly, analysis of the degree of simulated penetration of the 
jacketed core at 31 and 46 s showed that the copper jacket contributed to initial 
damage and generated a higher energy to damage the plate before fully 
penetrated. It can also be observed that the higher energy loaded to the target 
surface resulted in a higher amplitude of energy being reflected back into the 
steel compared to the un-jacketed case.  This is reflected in the fact that at later 
stages in Figure 5.30 the jacketed core has been comminuted into smaller 
fragments compared to the un-jacketed projectile. Interestingly within the 
simulation eroded copper elements were found in front and rear side of the target.   
This is illustrated in Figure 5.31 – importantly as will be detailed later this 
response was in good agreement with experimental observations. 
 
 
Figure 5.31 Eroded elements during simulations. 
 
During the penetration, pressure generated due to the high velocity impact 
propagated within both the projectiles and the target. This ‘shock’ propagation 
was described in Figure 5.32. These images represent the simulation results with 
a contour view of pressure between 0.1 and 1.0 GPa. In line with the associated 
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key, the red area describes a region where the pressure is 1.0 GPa and above. 
In initial penetration, impact of both the un-jacketed and jacketed projectiles 
evolved a pressure of 1 GPa or above.  Of particular note in Figure 5.32 (b) is the 
fact that the copper jacket, where present, delivered a high initial pressure to the 
target surface before the steel core impact occurs (at 4 s). The following 
simulation cycle shows that the shock wave generated by this impact reflected 
back and propagated within the steel core body and target plate. This reflected 
shock wave would in the real world have led to dynamic tensile / spall failure when 
the reflected waves from the side or rear surface of the projectile overmatched 
the cores spall strength. Moreover, the higher pressure delivered by the jacketed 
projectile would have generated in greater damage to the target plate. It can also 
be observed in Figure 5.32 that the high-pressure (red) area in the target plate 
impacted by the jacketed projectile is physically bigger in extent compared to that 
for the un-jacketed projectile case.  Importantly, these results are consistent with 
the observations from the pressure gauge experiments discussed in Section 5.4, 
providing enhanced confidence in their validity. 
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(a) Un-jacketed M2 steel core (b) Jacketed M2 steel core  
Figure 5.32 Pressure dispersion within projectiles and target plates during 
impact. 
 
 123 
During the penetration, pressure generated in high velocity impact propagated 
within both the projectiles and the target. This ‘shock’ propagation was described 
in Figure 5.32. These images were the simulation results with contour view of 
pressure between 0.1 and 1 GPa. The red area describes that the pressure is 1 
GPa and above. In initial penetration both un-jacketed and jacketed projectile 
gave pressure 1 GPa or above. It is clearly described in Figure 5.32 (b) that the 
copper jacket of projectile delivered a high pressure on target surface before steel 
core hit the target (impact at 4 s). The following simulation cycle shows that the 
shock wave reflected back and propagated within the steel core body and target 
plate. This reflected shock wave will lead to a spall failure when the reflected 
wave from the rear surface of projectile and target collide. Moreover, the higher 
pressure delivered by the jacketed projectile generated result in a greater 
damage to the target plate. It can be observed in Figure 5.32 that the high 
pressure (red) area in the target plated impacted by the jacketed projectile is 
bigger compared with the unjacketed projectile impact. 
 
5.5.3 Comparison of numerical analysis with experiments 
Numerical simulation and experimental results are compared in this section in 
order to assess the modelling accuracy in describing the observed penetration 
mechanisms for both the jacketed and the un-jacketed projectiles considered 
here. Flash X-ray images have been employed as the key point of comparison 
as they have provide clear and detailed pictures to describe the material failure.  
Figures 5.33 (a) and (b) show the penetration mechanism for an M2 steel 62 HRC 
un-jacketed projectile. At 100 s, the un-jacketed projectile’s tip is observed to 
initially impact and indent the target surface. Theoretically, because of their high 
hardness or brittle characteristic, both the projectile and the target would start to 
erode each other at this moment.  At 10 s intervals, it was observed in these 
flash X-rays that the projectile was able to penetrate, but that the tip of the core 
was gradually eroded. At a similar time interval, the simulations presented in 
Figure 5.33 (c) and (d) clearly the same penetration mechanism.  At the moment 
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of projectile impact, the projectile’s tip and the target are both eroded. In addition, 
the following penetration resulted in more eroded material in the target and the 
projectile. 
 
Figure 5.33 Un-jacketed steel core penetration into 9-mm Armox plate; (a) and 
(b) X-ray images; (c) and (d) numerical simulation results. 
 
Figure 5.34 shows a penetration event where a copper jacket is included.  Both 
captured flash X-rays and corresponding simulations both show the jacket clearly 
deforming during the impact event. During the penetration, the front part of the 
copper jacket was deformed while simultaneously confining the core to retain the 
eroded projectile material in-situ. This confining process allow projectile to retain 
its mass inertia to give more impact energy. The copper jacket deformation in 
experimental work can be observed in Figures 5.34 (a) and (b), highlighted via 
red arrows. The same behaviour also occurred in the numerical simulations, with 
the copper jacket flowing as the steel core was confined (see the yellow arrows 
in Figures 5.34 (c) and (d). 
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Figure 5.34 Jacketed steel core penetration into 9-mm Armox plate; (a) and (b) 
X-ray images;  (c) and (d) numerical simulation results. 
 
In addition to direct comparisons of failure geometries / architectures, average 
fragment velocity and spray angle can also be measured in both experimental 
and numerical simulation work. In the experimental results, fragment velocities 
were measured using the PCC 2.7 (Phantom high-speed camera) software for 
forward ballistic experiments. While in the corresponding numerical simulations, 
velocities were measured by using velocity contour range. Table 5.6 shows the 
effect of including a copper jacket in terms of fragment (residual) velocity after 
perforation for both an experimental shot and a corresponding numerical 
simulation. The average fragment velocities of the un-jacketed projectiles are 457 
m/s for experimental result and 446 m/s for the simulation result; these are in-
turn lower than the average velocities for the jacketed case of 571 (experimental) 
and 568 m/s (simulation). As explained above, the copper jacket confining the 
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steel core – as well as acting to prevent its premature disruption via a cushioning 
effect – resulted in a higher penetration energy and thus more efficient 
penetration. Fragments spray angle was also measured from fragments, which 
are indicated using a red arrow in Figures 5.35 and 5.36, as well as eroded 
material dispersion behind the target plate. The fragments spray angle of 
experimental and simulation results were measured in Solidworks software. An 
angle of two lines representing the eroded material dispersion was measured as 
fragment spray angle. The copper jacket deformation allowed the projectile to 
damage a wider target surface, so it produced a wider fragments spray angle. 
The fragments spray angle of the un-jacketed projectile for both experimental and 
numerical simulation were 51.68o and 51.50o. On the other hand, higher 
fragments spray angle were observed in experimental and numerical simulation 
results for the jacketed projectile at 72.95o and 69.88o respectively.  Generally, 
the higher is the spray angle, the higher is probability of fragment to hit other 
targets behind the initial target. 
 
Table 5.8 Fragments velocity and spray angle of projectile after perforation. 
Result of 
Jacket 
presence 
Initial projectile 
velocity (m/s) 
Avg. fragments 
Velocity (m/s) 
Fragments 
spray angle ( o) 
Experimental No 788 457 51.68 
Simulation No 750 446 51.50 
Experimental Yes 759 571 72.95 
Simulation Yes 750 568 69.88 
 127 
 
Figure 5.35 Unjacketed projectile and target damage after perforation (a) and 
(b) experimental work; (c) and (d) numerical simulation. 
 
An important result was found from the perforation of high hardness Armox 
Advance armour plate. The jacketed projectile was observed to shatter the 9 mm 
target plate creating a large hole at the penetration point (see Figure 5.36 (b)). 
This event was also indicated by the simulation result as shown in Figure 5.36 
(d). In addition, the cracking behaviour apparent on the experimentally impacted 
plate was also captured during the simulated penetration and, importantly, was 
not found in the un-jacketed perforation where a plugging mechanism appeared 
to dominate.   
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Figure 5.36 Jacketed projectile and target damage after perforation (a) and (b) 
experimental work; (c) and (d) numerical simulation. 
 
Overall, the simulations agreed well with the corresponding experimental results 
with excellent agreement in terms of both (residual) fragment velocity, fragment 
dispersion angle and even failure mode.  This gives enhanced confidence in the 
mechanisms put forwards to explain the importance of the jacket in penetration. 
Further, analysis of pressure dispersion within projectiles and target plates during 
impact provides an additional insight in this study. The pressure dispersion 
explains the initial damage caused by copper jacket as well as the projectile spall 
failure as a result of reflected waves collision. 
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6 Conclusions 
The core aim of this study was to further investigate the theory and mechanisms 
underpinning the influence of a copper jacket in the subsequent penetration 
against a high hardness armour steel (in this case Armox Advance).  In addition, 
the project was designed to investigate the influence of factors such as projectile 
geometry and hardness.  Experiments were conducted using a 12.7 mm armour 
piercing projectile. Both the steel core design and copper jacket had a relatively 
unique and complex geometry when compared to other systems reported in 
recent studies.  This design was originally produced to increase the mass of the 
steel core as well as the associated penetration performance. The projectiles 
were prepared both with and without a crimped copper jacket.  Both forward and 
reverse ballistic experiments were undertaken to investigate projectile 
performance by measuring residual velocity and capturing X-Ray images 
showing details of the penetration events. Further, a pressure gauge experiment 
was also undertaken with the aim of highlighting the influence of pressure 
generated by the jacketed and the un-jacketed projectiles upon impact. Overall, 
these experiments were designed to provide complementary data to aid in the 
aims of the project. To support these studies ANSYS Autodyn® numerical 
simulations were also employed to complement the main experiments. 
Overall, this research has been successful – with experimental and numerical 
simulation validating  the performance of jacketed and unjacketed rounds.  The 
experiments also provided significant insight into the mechanisms (via X-Ray 
images and complementary numerical simulations) governing  projectile 
penetration.  Practically, increasing the hardness condition of the steel cores 
enhanced the penetration performance of the projectiles. From the experimental 
and simulation results, a number of conclusions can be drawn, namely: 
 Increasing steel core hardness extend the penetration performance. A 
linear increment of residual velocity was observed in forward ballistic 
tests as well as in terms of the length of recovered cores (with larger 
recovered lengths corresponding to enhanced penetration).  However, 
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further hardness increase to 62 led the projectile to shatter because of 
the corresponding ductility decrease / enhanced loading on impact. 
 A clear link between target thickness and performance for Armox 
advance plates was observed.  In the 5-mm thick target plates, for 
penetration by both the jacketed and the un-jacketed projectiles, an 
increase in projectile hardness and / or the presence of the copper jacket 
had minimal effect for hardness values of 42 and 52 HRC. Whilst, in the 
62 HRC projectile experiments, a relatively small difference in 
performance was observed. 
 For thicker, 9-mm target penetration experiments, when the projectiles 
hardness was higher than the target hardness, the presence of copper 
jacket on projectiles caused extra damage to the target.  However, when 
the target was harder than the projectiles, the un-jacketed projectiles at 
a lower hardness were observed to be more penetrative compared with 
the jacketed cores.   
 This result, namely enhanced effect of a jacket as well as core hardness 
for thicker plates, suggests that confinement of the core is also 
important.  Essentially, with thicker plates the core interacts with the 
plate for longer during penetration that will increase core confinement 
time. Pressure gauge experiments strengthened the main experiment 
results. From these experiments, it was apparent that the jacketed 
projectiles generated a higher pressure in the target than the un-jacketed 
projectiles. 
 In numerical simulations, a mesh size of 0.7 mm gave a very good match 
to experimental results. Importantly, the simulation images showed a 
penetration mechanism which was in good agreement with forward and 
reverse ballistic results. 
 It is clear from the observations detailed in this thesis that the copper 
jacket plays an important role in the penetration of Armox Advance 
targets. The copper jacket appears to pre-damage the target and, 
protects / cushions the cores from direct contact with the target surface.  
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 The protective role played by the jacket was observed to have two key 
components; a cushioning effect on impact (reducing core loading) and 
a confinement effect.  
In line with the points outlined above, in this project the influence of both the 
presence of a jacket and core hardness on 12.7 mm armour piercing projectile 
performance have been assessed.  It is clear that harder projectiles are more 
efficient; however, this needs to be coupled with the presence of a ductile jacket 
to cushion and confine the core if penetration is to be optimised.  For the 
experiments undertaken here, this meant that the jacketed 62 HRC projectiles 
were the most efficient in terms of ability to penetrate the target.  Further, basic 
Autodyn® numerical simulations appear to hold significant promise in validation 
of projectile behaviour (e.g. in-line with the agreement between experiment and 
simulation here). 
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7 Recommendation for further work 
 
While this study has been very successful in its core aim of enhancing 
understanding of the penetration mechanisms underpinning jacketed bullet 
behaviour, there are a number of areas where additional time and resources 
would allow for potentially worthwhile expansion of this work.  Investigation of 
these areas would help to enhance knowledge and the development of the 
mechanisms underpinning both projectile penetration and protection against the 
same. 
 Evaluation of un-jacketed and jacketed projectiles performance using V50 
ballistic test. 
 Investigation of copper or other ductile material jacketing on a long rod 
penetrator (APFSDS) to enhance the penetration performance. 
 Investigation understand the effect of lead filler on ammunition 
performance  
 An investigation to evaluate the use of composite armour systems that 
comprises steel plate as the main armour and other backing or cover 
plates against the jacketed and unjacketed hard core round 
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Appendix A  
A.1 Ethics 
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A.2 Risk Assessment  
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A.3 Project Plan 
For reference, the key stages of the project plan adopted are highlighted below. 
 
A.4 Initial velocity of forward ballistic experiments 
 
M2 steel Core 
Hardness (HRC) 
Initial velocity (m/s) 
Unjacketed projectile Jacketed Projectile 
Armox 5 mm Armox 9 mm Armox 5 mm Armox 9 mm 
42 
761 773 762 762 
773 759 769 767 
52 
756 794 777 786 
777 782 757 761 
62 
773 753 744 741 
755 754 745 766 
 766  741 
 
No Activities 
2016 2017 
3 4 5 6 7 8 9 10 11 12 1 2 3 
1 Literature review              
2 Material characterisation               
 Sample preparation (workshops)              
 Sample heat treatment              
3 Design overview              
4 Test and modelling              
 Forward-ballistic experiment              
 Reverse-ballistic experiment              
 Final ballistic test              
5 Results analysis and paper writing              
